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ABSTRACT.
There is described in the thesis a series of 
attempts to ascertain information on the steric structure 
of copolymers by degradation and by optical rotatory 
measurements9 and to alter the steric structure of given 
copolymers by treatment with appropriate reagents.
The copolymer of styrene and maleic anhydride has 
been prepared and from it films and fibres have been made 
for physical investigation of the steric structure. The 
copolymer was shown to be amorphous.
The anhydride copolymer has been sucessfully half 
esterified with methanol and an asymmetric transformation 
has been attempted with brucine, cinchonidine and quinidine. 
The rotation observed after acid treatment of the quinidine- 
copolymer compound was later shown to be due to strongly- 
retained quinidine.
(+)~1.3«dimethylbutyl hydrogen maleate has been 
prepared and copolymerised with styrene. The optical 
dispersion of the resultant copolymer has been.determined 
in a number of solvents. The observed rotation seems to 
be almost constant in solvents which do not react with the 
copolymer. In “basic., solvents, e.g. pyridine, a decrease in 
rotation was observed and it is concluded chat this was due 
to the interaction between the solvent and the acidic 
groups of the copolymer.
±L
A copolymer of styrene and vinylidene chloride has 
been prepared and the effects of various oxidising systems 
on it have been investigated in an attempt to elucidate 
the structure of the chain, but no steric results were 
obtained from this method.
A copolymer of fumaryl chloride and styrene has 
been prepared but proved intractable. The acid chloride 
of methyl hydrogen fumarate has been prepared but attempts 
to further -est-erify this acid chloride with 1.3*dimethyl- 
butanol proved unsucessful.
Polyacrylonitrile has been prepared and an attempt
('
made to induce steric regularity, by means of a 
prototropic shift brought about by basic treatment.
The work described in this Thesis was . carried out 
in the Organic Chemistry Research Laboratories of the 
Battersea College of Technology, London S.W.ll, under the 
direction of Dr,0,L,Arcus, to whom sincere thanks are due 
for his invaluable guidance and encouragement.,
a
Thanks are also due to the Imperial Chemical
jx x .
industries Limited for a Maintain^nce Grant; to Dr«C,W,Bunn 
of I»C9I0 Ltd, (plastics Division), and to Mr.M.F,C,Ladd 
of Battersea College of Technology for X-ray photographs; and
to Mr,H.Godby for technical assistance.
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INTRODUCTION,
ADDITION POLYMERISATION 
Historical Introduction
The knowledge that certain vinyl monomers would 
polymerise easily dates hack approximately to the first record 
of their isolation. In 1839* Simon, (Ann.1839?31*263)? 
reported the conversion of styrene-to a gelatinous mass and in. 
i860, Berthelot, (Bull. soc„chinuFrance, 1866,[ 2],6,29U) applied 
the term ’'polymerisation’’ to this process. • Later Bouchardt, 
(Comptorend.1879?89?1117) obtained a rubber-like substance from 
an isoprene polymerisation. Depolymerisation of a vinyl 
polymer to its monomer (and other products)"by pyrolysis was 
often- noted and-this -led to the • suggestion that polymerisation 
and depolymerisation were like a reversible dissociation.
A structure was not suggested for the polymers until 
1897 when Mjeon (Ber,1897930,1297) separated polymethacrylic 
acid by precipitation and attempted molecular weight 
determinations by cryoscopic and ebullioscopic methods. He 
decided that his product, which, he regarded as a colloid, was an 
octamer but he reached no conclusions as to its constitution 
other than that it was an octabasic acid of formula C2i4.HjLj.O ~ 
(COOH)g. • '
In 2.909 Stohbe and Posnjak (Ann. 1909.371.259) 
proposed a cyclic structure for polystyrene consisting of four, 
five or possibly more structural units. Osstromysslensky 
(J.Russ.Phys.Chem.1911.44,204; 1915,42., 1472; 1916,48,1132) 
investigated the polymerisation of vinyl chloride and isoprene,
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and was the first to express an opinion as to the mechanism of 
the reactions he had studied; he mentions "a stepwise synthesis 
of rubber-like substances.,f Butadiene was polymerised by 
Lebedev et al (J.Russ. Phys, Chem* Soc>,1911«45,1124) and by Harris 
(Ann,1913,395,211)> Both assigned, at first, the cyclo- 
octadiene structure to the polymer as a result of obtaining 
succinic acid among the-products of ozonolysis. Lebedev et al 
(J.Russ«Phys,Chem*So0^ 1913,45,1249, and ibid 1913,45,1296) 
subsequently proposed chain structures for polybutadiene and 
rubber. He also recognised that polymers were of high molecular 
weight. In 1920 Staudinger (Ber.? 1920, 53,10.81) proposed the 
chain structure for polystyrene and polyoxymethylenes. He, 
also, postulated that, during polymerisation, an aggregation of 
numerous molecules .occurs until an equilibrium between large 
molecules is established-, which may depend on the temperature, 
the concentration, or -the solvent. He disposed of the endgroup 
problem by simply suggesting that no endgroups are needed 
to saturate the terminal valencies of the long chains since 
it was ‘-supposed that, due to the length of the chains, these 
groups would not be- reactive. It is now known that, in most 
polymerisation processes, equilibrium is not established and 
that free valencies at the ends of the polymer molecule are 
saturated by some type of termination mechanism.
The concepts of Staudinger were not widely accepted 
at once, investigators preferring to accept the apparent
certainty of ring structures rather than the vagaries of chains 
of indefinite'length. In the years that followed X-ray 
diffraction experiments showed a number of polymers to be in 
chain formation.
- Research into the kinetics and mechanism of • • . 
polymerisation was stimulated by the simultaneous rapid growth 
of studies of-the kinetics of gaseous reactions. These led to 
the belief that chain reactions were responsible for the growth 
of polymer molecules. Quantitative statements to this effect 
were made by Carothers (j.Amer Chem.Soc-1929*25M3;2560), Meyer 
and Mark (Der Aufbau der hochpolymeren organischen Faturstoffe, 
Leipzig,1930.) andby Whitby and Katz (j.Amer,Chem.Soc*1928950s 
ll60;Canad. JoRes51931jU? 3UUo)0 Staudinger (Ber. * 1929*62? 2 5l±a) 
modified his earlier views, abandoning the concept of terminal 
free valencies and suggesting they were removed by the 
formation of large cylic structures, but maintaining the idea of 
an equilibrium in the polymer process.
Although Whitby and Katz (lottocit) were the first to 
follow in a really quantitative manner the course of 
polymerisation, their results did not permit far-reaching 
conclusions. Later Starkweather and Taylor (J.Amer.Ohem.Soc., 
•1930,52;,4708,) investigated the polymerisation of vinyl acetate 
with and without initiator. Their results were consistent with 
a chain mechanism. They also found that certain substances 
would inhibit the polymerisation. A study of the 
photopolymerisation of vinyl acetate and of styrene was carried
out by Taylor afld Vernon (J.Amer,Chem,3oc,1931? 53s 2527)«
Changes in the reaction due to the presence of oxygen and .
inhibiting agents and variation of concentration and temperature
were investigated* They concluded that the process had many of
the characteristics of a- chain reaction* The Chain reaction is
initiated by the absorption of a quantum of-light. The
activated molecule adds, by collison, another monomer and hence 
a.
propagates a chain reaction. ■
In a theorectical paper reviewing the available 
experimental data, Chalmers (J.Amer,Chem,Soc,193^*56*912) 
stated the first theories of the kinetics of polymerisation 
reactions. He postulated two different mechanisms for the 
formation of long chain molecules
(a) The step-wise synthesis of long chains by a succession 
of steps which are all similar to one another, 
and •
. (b) The Chain mechanism comprising a slow iniation reaction 
which is followed by a large number of rapid reactions in the 
propagation process.
He considered the second mechanism to govern the 
polymerisation of vinyl derivatives.
The problems of polymer kinetics have since been 
investigated by a great number of workers, particularly 
Mark, Dostal, Gee, Melville, Flory, Wall and Marvel. As a result 
the subject expanded rapidly and the recent discoveries of 
new stereospecific catalyst systems, which produce highly
5o
crystalline polymers of vinyl and diene.monomers,' have 
opened up new vistas in polymer chemistry
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ADDITION POLYMERS: THEIR STRUCTURE AND FORMATION.
Addition polymers are formed “by the union of identical 
or similar atoms or groups of atoms by homopolar bonds to 
form a chain molecule. A polymeric substance is a mixture of 
long-chain molecules which are members of an extremely long 
homologous series. Although differing in -length, they will 
contain the same recurring unit, The molecular,.weight of the 
chains will vary and hence the molecular weight of .the who'le 
substance will only be an average value.
In the chain reaction producing the polymer, secondary 
reactions may occur leading to side-chains and linking between 
chains. These divergencies will affect the physical properties 
of the polymer.
In general, only certain unsaturated compounds will 
undergo addition polymerisation. The most widely studied 
polymers are those obtained from vinyl compounds, CHg^CHX.
The polymerisation of such a monomer consists of a series of 
intermolecular'combinations without the elimination of end- 
groups which is characteristic of polycondensation. In only a 
few cases will polymerisation occur unaided. Generally an 
initiator is required to initiate1the chain
When addition occurs, a number of possible structures 
may result. The addition may be regular, in which the monomer 
molecule added is always presented in the same way, or 
irregular, in which there is no such uniformity in reaction. 
The resulting structure may bes~
7.
(1). Regular. Two possibilities occur:- 
(a). Head to .tail.
-0Ho -CH-CH0 -dli-CHo-CH-CHo-CH-CHo -CH_
2 I 2 I 2 I 2 ! 2 I
X X X X X
(t>). Head to head and tail to tail.
-CH0 -CH-CH-CH -CH-CH-CH-CH -CH -CH-CH- 
2 I « 2 2 , 1  2 2 , ,
X X  X X  X X
(2). Irregular. A mixture of la and lb in a single chain.
-Cfl0-CH-CH-CH -CH-CH„-CH -CH-CH -CH- 
2 , , 2 , 2 2 , 2 |
X X X  X X
The general conclusion reached is that addition is 
usually head to tail. It must he appreciated that head to tail 
addition may not he total and is more prohahly only the 
predominant mode. Treatment of poly(vinyl alcohol), prepared 
hy the hydrolysis of poly(vinyl acetate), with periodic acid 
hy Clark and Blout, (J.Polymer Sci. ,19U6,l,i|.19.), indicated 
the presence of 1-2$ glycol groupings. More recently, poly 
(methyl a-hromoacrylate),(Marvel et'al. J.Amer.Chem.Soc.,1953? 
75,2326.), and the copolymer of sulphur dioxide and propylene 
(Marvel and Weil, ihid, 195^*76., 61.) have heen shown to have 
head to tail structure although earlier anomalous results 
suggested they had head to head aficL tail to tail structure.
In most polymerisations, a monomer must he activated 
before the process will proceed. The activation is effected 
hy one of three means; (a) photochemical, (h) thermal or 
(c) catalytic. The latter can he divided into twq classes;
8.
(i); frte©- radical or (ii) ionic; only (i) will be considered in 
detail.
Free radicals are produced "by the action of heat or 
light upon a monomer or from an addc-d initiator like a
centre resulting from free radical initiation is retained hy 
a single polymer molecule throughout the course of its growth. 
Thus it is found that, in a polymerisation mixture at any 
reaction time, only polymer of high molecular weight and monomer 
are present in appreciable concentrations*
polymerisation can simply he described as being of three 
stages: radical formation, radical addition to a double bond.
peroxide-which will undergo thermal cleavage. The net!
The mechanism of the chain process of addition
and radical destruction. In initiation two reaction occur 
firstly the initiator undergoes a change to give a free
radical which then reacts with the monomer to give a new 
radical, This can-be represented as follows:-
Initiator *  2R°
R* +. .CH2-CHX > R-CH2~CHX
r-chx-ch2
(a)
a s
It is more likely that the addition will be in manner (a) 
since frequently that structure will have a number of 
canonical forms, e,g, when X = phenyl.
Manner (b) One form,
P-CH~CH2A
Thus addition in manner (a) will require lower energy of 
activation. The addition of the free radical to the monomer 
results in the inclusion of the initiator fragment; in the 
chain. Polystyrene and poly( methyl methacrylate), prepared 
using halogenated benzoyl peroxide initiator, contain halogen 
which cannot he removed hy precipitation, ( Kern and Kammerer 
J,prakt,Chem,,19U2,l6l,81 • Price et al,, J,Amer,Chem,Soc,, 
1942,64,1103;1943,65, 517; Bartlett and Cohen, ihid, 1943,65, 
543; Pfann,B alien and Mark, ihid, 1944,66,683; Breitenhach 
and Schmeider, Ber,,1943,76B/1088; Cohen, J,Polymer Sci,,1947 
2,511; Horner and Pohl, Ann,,1947,559,48,), Similar results 
have been obtained using N-nitroso acetanilides, (Blomquist, 
Johnson and Sykes, J.Amer,Chem,Soc,,1943,§5,2446,), and with 
radioactive isotope-labelled initiators, ( Peterson et al,, 
ibid,, 1949,71,1426; 1952,74,2031; Smith, ibid, 1949,71,4077; 
and Bevington et al,, J,Polymer Sci,,1954,12,449;469;)•
The initial free .radical is normally sufficiently 
reactive to add further molecules very rapidly: that is, the 
majority of collisons result in combination, These additions 
are exothermic and the reactivity of the free radical is 
regenerated. Thus the propogation process proceeds far more 
rapidly than the initiation process since the activation
energy is lower. This results in the formation of long chains 
in a very short time.
Termination,
At present the greater part of the evidence indicates 
that termination occurs primarily through the interaction of 
two radicals. The principal types of termination are:-
(i) Reaction of the free radical end of one chain 
with a similar grouping in another chain,
(ii) Addition of an initiating radical to the end of 
the chain,
(iii) Terminations hy impurities, e,g. oxygen or 
inhibitors,
It appears that the majority of termination reactions is 
bimolecular and of class (i).
In class (i), there are two possibilities;
(a) termination by the union of radicals by coupling or 
combination mechanism, i.e.
o
R-L-CH2-CHX + R2-CH2-CHX — > R1-CH2-CHX-CHX-CH2-R2
0 >) By the transfer of a hydrogen atom from one radical to 
another to give one saturated and one unsaturated molecule 
by disproportionation, i.e.
Rl-CH2-CHX + Rg-CHg-ftHX — > H^CHg-CHgX + R2CH«CHX
It is theoretically possible to distinguish between the two 
reactions since the result of mechanism (b) would be a lower
molecular weight polymer and the presence of unsaturateddend 
groups in half the molecules. The evidence for either 
mechanism is somewhat inconclusive. Some significant points 
do however arise. It has been established that the 
polymerisation of methyl methacrylate using hydroxyl radical 
initiators yields a polymer whose molecules contain two 
hydroxyl groups per molecule, (Baxendale,Evans and Kilham, 
Trans,Faraday Soc,, 19^6,1+2^  668,). Prom this it has been 
assumed that the growing radicals are terminated by a 
combination reaction, but the introduction of a second 
hydroxyl group might come about by a transfer reaction with 
solvent water or by the termination of a growing chain by a 
hydroxyl radical. Many radicals are known to combine, that 
is, to dimerise, almost exclusively, for example, p-xylyl 
and MeO*CgH^«CH«Et, although the former is known to dispro­
portionate in the vapour phase. Radicals of the type 
( ) 2  COOR are known to combine exclusively and Price, 
(Diss.Par.Soc,,19U7,2,U02.) argues by analogy that poly(methyl 
methacrylate) radicals, which have a very similar structure, 
should also combine. The validity of this analogy is doubtful 
since it is known that certain large radicals disproportionate, 
for example, n-octyl radical gives- octjrlene and octane in 
paraffin solution, (Norrish, Trans.Paraday Boc.1939,35,897.),
It can be shown theoretically that in a polymerisation 
initiated by the formation of a diradical, that is thermal or
12.
photo chemical initiations, the molecular weight of the final 
polymer will he independent of the rate of reaction if 
combination occurs and will he inversely proportional to the 
rate when dismutation occurs, (Bamford and Dewar, Proc.Roy* 
Soc.,A, 192+8,122,3095 Bamford, Diss*Faraday 3oc., 19U7*2,lj.01. )• 
Investigations hy Bamford and Jenkins, (Nature,1955? 
176,780)9 were carried out using2l technique, Styrene,
methyl acrylate, methyl methacrylate and vinyl acetate were 
polymerised using initiators which could later undergo 
coupling with suitable difunctional groups. The resultant 
changes in the degree of polymerisation, which could he 
detected hy viscosity changes, would indicate whether a 
molecule-contains one initiator residue, (as a result of 
termination hy disproportionation), or two, ( as a result of 
termination hy combination),. In the latter case it would he 
theoretically possible to obtain a single polymer molecule as 
a result of the coupling reaction since coupling could occur 
at both ends of the original polymer molecule. Initiators of 
the type of which $ t V -azo-(>( -cyano-n-valeric acid) is an 
example were used, This decomposes to give a free radical
HOOC0 CHo9 CHp•C•CN
OH3
The resultant polymers were treated with thionyl chloride.
The terminal carboxylic acid groups were converted to the acid 
chloride and these were then cuupled with 1;6 hexane diol or 
1;10 decane diol, It was found as a result of this investi­
13.
gation that styrene terminates principally hy combination 
whilst methyl acrylate, methyl methacrylate and vinyl acetate 
terminate by disproportionation.
Chain Transfer.
The growth of a chain may be stopped by mechanisms 
other than that of termination., The activity of a growing 
chain may be transferred to a monomer molecule or to a 
solvent molecule, that is
Mn* + M  Mn + M* for monomer
or + S ----Mn + S* for solvent
This process is called *chain transfer1 ( Plory, J.Amer.Chem. 
Soc.,1937*59*2Ulo)o It does not destroy the growth process 
but Mower s the average degree of polymerisation. A natural 
result of chain transfer is for the new chain not to contain 
catalyst radicals. New chains, in the case of solvent 
transfer, contain fragments of the solvent molecule. 
Breitenbach and Machin, ( Z.phys.Chem.,19U0,Al87,175o)? found 
that in the polymerisation of styrene in carbon tetrachloride, 
transfer with solvent occurs very readily and each polymer 
molecule contains fragments of a solvent molecule,.i.e.
M •n
M
+
+
CC1, —
k
‘ccl3
--  ^ M Cl + *001,n . .... 3
 ^ Cl CM* .oosoooo. etc»
3
C13C]V + CC1, -U
-- > Cl,CM Cl + *CC13 n 3
When the solvent fragments do not react with the monomer, they 
destroy each other by dimerisation and hence the solvent may
1U.
be looked upon as having an inhibiting effect.
Transfer may also occur with another polymer chain 
giving it an activated centre in the middle of the chain. 
This gives rise to a branched chain. i,e.
R-CH2-OHX-R1 + R"-CH -CHX ---> R-CH2-CX~R! + R”-CH2-CH2X
The probability of two chains, each with an activated centre 
in the middle of the chain, combining is remote and hence 
cross-linking by this method is very infrequent. In the case 
of a diene monomer, branching can easily occur, e.g. For 
monomer CH2=CH-C=CH2
R-CHo-CX-R
f a
CHX
Me
‘R* - + CH2=CH-C=CH2 R-CH2-CH=C-CH2 etc
. I
\ Me
i
R-CH2-CH-C-CH2-R1 <r
Me
R
I 1 _
r-ch2-ch=c-ch2-r !
Me
I
Me
R Me
r- ch2-ch- g- ch2-r'
f a
c h=c-ch2
Me
c h2=ch-c=ch2
Me
R Me
chain
growth^*
R-CH2-CH-C~CH2-R *
CH=C-CEL-R”
Me
15.
* R Mei < R Me
R-CH2-CH-C-CH2-R’ R-CH2-CH-C-CH2-Rf
ch2 Me ?h2
ch=c-ch2-r"
Me
R
The presence of a double bond in the chain increases the 
probability of cross-linking between chains because of the • 
possibility of reaction of the hydrocarbon radical with a 
double bond in an adjacent chain.
By analogy with the disproportionation reaction of a 
free radical, the depolymerisation process may not be difficult 
energetically, i,e.
 -(CH2-CnX)m-CH2-GHX + CH2=CX-(CH2-CHX)n~
Splitting may occur at any point along the chain and may be 
followed by further splitting of the radical fragments formed.
The energy for such a splitting is about 25 K.cals for vinyl 
polymers, thus splitting will occur at not too high a 
temperature. However, Tobolsky and Mesobrian, (J.Amer.Chem.Soc,, 
19U5o67,785d) have shown that at higher temperatures 
polymerisation and depolymerisation may compete. Using high 
molecular weight polystyrene heated in the presence of a small 
amount of air, ,at 100°, they found that both processes occur : 
and a steady state is obtained.
Depolymerisation Process.
-(CH2“CHX)m-CH2-CX-CH2-CHX-(CH2-CHX)n'
16
Influence of Oxygen,
A large number of substances are known to inhibit or 
retard polymerisation., Molecular oxygen is perhaps the most 
common of these since it will he present in all reactions 
from which air has not been excluded* Its presence accounts 
for the induction period observed when polymerisations are 
carried out in the presence of air, (Kolthoff and Bovey, 
Chem*Revs*, 19^8,1+2,2+911 Athen, J 0Polymer Sci*, 1955s 17? 1U2.) * 
Carbon radicals, in general, react very readily with oxygen 
yielding a peroxide*
+ 0 2 ————— M-O’-O*
In styrene polymerisations, this reaction occurs 
approximately 2*5 x 10^ times as rapidly as chain propogation. 
The resulting radical is relatively unreactive, and its 
exact fate depends upon the particular system* A somewhat 
contrary result was obtained by Staudinger and Urich, (Helv. 
Chim*Acta*,1929?62,1127o), who found that methyl acrylate 
heated at 100° in the absence of air did not polymerise but 
when air was admitted, polymerisation occurred immediately*
It would appear that oxygen can react in two diametrically- 
opposite ways| either (a) it may deactivate the chain by the 
formation of a stable peroxide or (b) the peroxide formed 
may be thermally unstable and thus generate free radicals 
which initiate polymerisation* A very delicate balance will 
ex^ist between the two possibilities*
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The Kinetics of Free Radical Polymerisation*
In the kinetics, a number of assumptions are, by 
necessity, made* It is assumed that the rate is independent 
of the size of the radical* Justification for this is 
twofold. Firstly, any quantitative treatment without it 
would be impossible and secondly, experimental observations to 
the contrary h$v.$.;hot been made* The second assumption made 
is that the average chain length is great* This, in effect, 
puts the rate of reaction of the monomer equal to the rate 
of reaction of the monomer in the propogation step alone 
and any consumption of monomer in chain transfer reactions 
is neglected* Again, experimental results are in agreement 
with the equations obtained and both the kinetic and the 
molecular chain lengths can generally be shown to be great.
The final assumption made is that of the stationary 
state hypothesis* This was first applied to reactions by 
Bodenstein, (Z.physikal Chem*,1913*85,329»)? a&d applied to 
polymerisation kinetics by Herzfeld, (Ann.Phys*,1919?59s635»)* 
In the stationary state, the reaction is proceeding at constant 
rate, and the molecules of reaction intermediates are 
destroyed as fast as they are formed. Thus the concentration 
of radical intermediates will remain constant during the 
polymerisation* If is such an intermediate, d[C-jJ/dt is 
zero and Cj_ is present in a concentration independent of 
time* This concentration cannot always be measured
experimentally "but..it is usually possible to obtain the rate
of formation and the rate of destruction of C. in: terms of
lit' 1
the initial reactant concentrations* If, then, d[CjJ/dt = 0,
this forms a differential equation for which yields the
stationary concentration of the latter throughout the reaction.
Peroxide-Initiated Polymerisation.
Chain transfer reactions are neglected and
termination reactions are assumed to he hy combination. The
following mechanism, then, applies;
^l
In  > 2R* Initiation
k2
R» + M ------ * M
CK1
+ M —  — Mg* Propagation
V i *  + M   V
k3• + M ^  ----- —> Mm+n Termination
In represents the initiator and R* represents a radical 
produced hy the decomposition of the initiator. M represents 
a monomer molecule and 1c the rate.
Let [CjJ he the total concentration of all free 
radicals then, f^i^ =
At the start of the reacrion [ CjJ increases as radicals form 
from the breakdown of the initiator. When the stationary 
state is attained;
^[in] = k3[Ci]2
19.
1*3 J
The rate of conversion of the monomer to polymer is given hy
a[ m]
------- = k [M][Ci]
dt ^
Substituting- for { Ch] from (l)^
d[ M] . r -j jkl
2 1.
2
[ In]
1_ 
-i 2
! k, i 1d[ Fi] I t  2 r  n /  v
i * e o - = kq i | * [ [ ^ ] o • o * o. ( 2 )
Introducing the kinetic chain length e, (which equals the 
average degree of polymerisation, PH ), we have
Velocity of growth 
Velocity of termination
i lc2
' k3 [Cil2 
Substituting for [Ci] from (1);
<? _ k2 wKJ —  ui.-rtir 0 0 0 0 0  *• V j j J
(kik3)t [inF
From equation 2P the rate of polymerisation is proportional 
to the sqpare root of the initiator’concentration. From 
equation 3> the kinetic chain length is:inversely 
proportional to the square root of the initiator 
concentration.
The schemes presented above do not take into account 
considerations of the concept of chain transfer* Considering 
now the following chain transfer mechanisms;
ki
M
n
M.n
+' M
+ S
Tm
n +
*Tf M.n S
Transfer with 
monomer
Transfer with 
solvent
where S .represents the solvent molecule*
The kinetic chain length, (or J?n), is now given by 
Velocity of growth
n Velocity of termination by all processes 
k2 [Ci] [M]
k3 [OjT + term [Ci] [M] + kTS [Ci] [S]
Inverting this equation
1 k-^  [CjJ + krpm [Mj* + kTg [S]
n k2 [M]
and substituting for [Ci] from equation (l),
n
(kxkj)2 [In] 
k? [M]
kiTm fops [ S]
+
kr k2 [ M]
C OP OLYMER IS AT ION.
When two or more monomers are polymerised in each 
others presence, a polymer, in general^ , results which contains 
unitp of each monomer in the chain. Such a reaction is 
called a copolymerisation and such a product, a copolymer.
The first deliberate copolymerisation was carried 
out by Bayer A.G-~., (B.P.27,36l/l91l)« Much of the early work 
was directed towards the formation of rubbery copolymers 
which is still the most important industrial application of 
copolymerisation. As with polymerisation of a single monomer, 
no exact kinetic treatment was made until the 1930fs. However 
earlier investigations indicated marked differences exsisted 
in the extent to which various monomers would copolymerise 
with each other. In addition, it was found that certain 
monomers, which would not polymerise, would readily 
copolymerise. Voss and Dickhauser, (G.P. 5^0,101/1930.), 
found that maleic anhydride would readily copolymerise styrene 
and with vinyl chloride. Hopff and Steinbrunn, (G.P, 
671,376/1939.), found that isobutylene and diethyl fumarate 
would copolymerise under conditions where neither would 
polymerise to give a high molecular weight copolymer which 
contained the monomers in a ratio of 1:1 regardless of which 
was in excess.
It was observed by Staudinger and Schneider, (Ann., 
1939.5U1.151.)» that generally the individual monomers in the
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copolymerisation reaction were consumed at different rates 
and that the copolymer composition would vary during the 
reaction, Additions of the more readily consumed monomer 
were found to yield a more uniform product.
'The first theoretical treatment of copolymerisation 
was made "by Dostal, (Monatsh, 91936,699U2k* )9 In this 
treatment two assumptions were made:-
a)0 the reactivity of the radical is solely determined hy the 
terminal monomer unit,
h) the reactivity of the radical is independent of chain 
length.
The propogation reactions occurring in. the system may 
therefore he written as follows,6
k
[ * +------------i=— 5* M^1
M^* + Mg ---— — ► Mg'
Mg* +  ~-r ivi^*
Mg + Mg
k
12
k21 "T
k22 ->
Equations 1.
2*
where and Mg represent the monomers and and M2* 
represent chains terminating in M-^ and Mg units respectively, 
and k^g, ( for example ), represents the rate constant for 
the addition of monomer Mg to a chain terminating in an M^ 
unit. From these equations Dostal derived expressions for the
ra'te of copolymerisation and the composition of a copolymer 
hut, since his expressions contained four or more unknown 
rate constants, he devised no experimental check®
styrene, methyl methacrylate, and their mixtures was carried 
out hy Norrish and Brookman, (Proc.Roy®Soc®,1939?Ai71?1U7•)•
In addition to the simplifications used hy Dostal, (loC®cit®), 
they assumed that the concentration of free radicals would 
he the same in all mixtures at the same catalyst concentrations 
and was independent of the monomer concentration. This 
assumption was found to he an oversimplification and did not 
yield a satisfactory account of the experimental data®
treatment of copolymer composition hased on the assumption 
that the ratio of the reactivities of a radical towards a 
pair of monomers is independent of the radical structure® 
Thus only two propogation reactions were to he considered 
and hence from equations 1
Thus the ratio of the rates of addition of the,two monomers 
to the growing chain was given hy;
A careful study of the rate of polymerisation of
Wall, ( J®Amer®Chem®Soc®, 19^ -1,63? 1862®), proposed a
kll k21
a where a is a constant®
k12 k22
a [HP
a
a [n2] [k2]
2k
This ratio of the rates would give directly the chemical 
composition of the copolymer when the initial monomer 
concentrations are [Mj] and [MgJ* However, although at first 
this found some experimental verification, subsequent work 
indicated that a was not constant, varying considerably with 
initial monomer concentration*
The theory of copolymerisation generally accepted 
was developed independently by Alfrey and G-oldfinger, (J. 
Chem.Phys.,1944»12,205*)» Mayo and Lewis, (J.Amer.Chem.Soc,, 
1944$66,159Uo) and by Wall, (ibid*,2050*)« In each case t^e 
assumptions used are similar to those applied in the 
polymerisation of a single monomer together with the 
assumption that the reactivity is solely determined by the 
terminal monomer unit*
The equations of Dostal, (loc.cit.), were considered 
to describe the propogation processes.
Rewriting these equations;
k-
Mr + Mx
v
+ CM
V + m2
m2- + %
ii.
k12
k21
then in the steady state of copolymerisation each type of 
free radical is maintained at a steady concentration, hence,
it12  [ H ^ K H g ]  = k 2 l [ M p  * ] [ 3
kT9 r .
[ M . 1 = _h± . -— . [ M-,'] .......
2 v r Mi l x*v21 '-'U
The rate of consumption. of monomer is given hy 
= kn  [Mi-JCM^j + k21 [ l y K M p
a [ip
< 5 0 0 0 0
d t 
and for M0
c.
a [h 2]
0 9 0 0 0
a t
hence
a .[Mi] .:kn  [m1»][m1] + k21 [Mg.HlI-J
9 0 0 0 0
0 0 9 0 0 0 7
k12 [m1-][m2] + k22 [m2-][m2J
Substituting for [Mo*] from equation 3
a [m1] [ip [M1] + [Mg]
a [Mg] ~ [M2] r2 [Mg] + [M1]
where ^
r, = _ i i  , and r0 = ■— -2 . 
k12 ‘ k21
This relation is generally known as the copolymer 
composition equation and was first established for the system 
styrene-methyl methacrylate by Mayo and Lewis, (J,Amer,Chem, 
Soc*,1944?66,1594*)° It has been confirmed repeatedly by 
subsequent investigation* The copolymer composition equation 
has been deduced statistically by Goldfinger and Kane, (J*
’ • 2 5 ,
Polymer Sci*, 19U8,j5,U62,-); the method is not so simple as 
above.hut it is without the assumption of the stationary 
state.
Equation 7 relates the composition d[M-jJ/d[M2] of 
copolymer being formed at any instant to the concentration, 
[Ml] and [Mg]9 of the polymerising mixture-by means of two 
parameters, r^ and r2, the monomer reactivity ratios. These 
parameters can he found hy using some form of the copolymer 
composition equation and the experimental quantities from at 
least two experiments employing different initial monomer 
concentrations.
Copolymer Composition Drift with Monomer Consumption,
Except when r]_ = r2 = 1, it follows from equation 7
a [Mx] / [MJ [M ]
that — — —  p. .1......I.. , except for a unique value of '■    .
d [M2] [Mg] [Mg]
r*l [M,] + [M„]
For this value, --------:----=--  = l  8
r 2 [M2] + [M1]
[M-,] 1 - r2
i,e.
[Mg] 1 - v1 
This is known as the azeotropic composition. For all other 
values of [M]_]/[M2 ], the reaction mixture will become 
progressively richer in one or other of the monomers with a . 
corresponding drift in the copolymer composition.
Four possibilities are theoretically distinguishable,
(i), ri < .1, r2 < 1; (ii). r^ > 1, r2 > 1;
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(iii), > i, r2 1; (iv)„ r^ 1, r2 >  1*
From considerations of equation 7* 
the following generalisations can he 
drawn,,
(i)„ When r^ and rg are hoth less 
than unity, an azeotropic value will 
exsist, For such a system the curve 
of mole fraction of in the feed 
Fi&X (fi) would cut the azeotropic line
when f^ = at a point corresponding to the azeotropic 
composition of the particular copolymer system. Thus the 
curve must have an inflexion since it necessarily approaches 
the azeotropic line at f^=F^=0, and f-^F^l* ( see fig.l, 
curve 1«).. It is seen that at all feed compositions, F^ 
is nearer the azeotropic value than f^.
(ii)„ When r^ and are hoth greater than unity, an inflexion
again exsists, (curve 2), However F1 is further removed
from the azeotropic value than f-j_# .
(iii). When r-^> 1 and £ 1 there is no azeotropic value
and the curve lies wholly ahove the azeotropic line, i,e, 
the final copolymer will contain that monomer in higher 
fraction than it was in the original monomer mixture,
(curve 3,),
(iv)„ When r^ < 1 and r2 ^  1, again' tjiere is no azeotropic 
value. The whole curve lies “below the azeotropic line,
28,
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(curve bo).
A number of eonsiderations arise the above. If
both r-^  and r^ are larger than'unity, the implication is
that either radical would react preferentially with its own
monomer and hence rather than a copolymer being formed, a
mixed polymer would tend to be formed. Such a system has
yet to be found. In the extreme case where r^ = r2 = 0,
each radical will only react with one of the opposite species
and thus the copolymer will be strictly alternating, e.g.
for styrene maleic anhydride (m2) system, r^O.OU +
0,01, r2=0, for all monomer mixtures and hence the copolymer
will be almost completely strictly•alternating, i.e,
- CH2 - CH - OH - CH - CH2 - CH - (jJH - CH r
Ph CO CO Ph CO CO
Ss0/
Another special case occurs when the reactivities of ‘the 
two monomers towards both radicals is the same, i.e. r^i^l, 
and from equation 7,
d [ ]
d [ Mg ] [ Mg ]
The average copolymer composition will equal the composition
of the mixture. The monomers will however be randomly
placed in the chain.
When the azetropic mixture is not being used and
there is no tendency to alternate, the more reactive monomer
will be used up more rapidly with the result that the
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initial copolymer will be richer in this component. Later 
copolymer will be relatively poorer in this component and 
richer in the other monomer, and hence at high conversion 
the product will be a heterogeneous mixture of molecules 
of widely differing composition and any analysis will 
give only an average composition.
Because of the variation in monomer feed during a 
polymerisation,^ the general equation can only be applied 
.at low conversion (about 2%), This variation complicates 
the measurement of reactivity ratios. However, provided 
the conversion is low, two or more copolymerisations should 
give the values of r^ and rg, In practice a graphical 
method is used which should give an intersecting point but 
normally an area is defined.
Tc enable values obtained at higher conversion to 
be applied to the general equation, Mayo and Lewis, (j.Amer. 
Chem.Soc,,19UU,66,159U.), made use of an integrated form 
of the general equation. Graphical interpretation of the 
results again yielded an area rather than a point value.
GENERAL REACTIVITY,
Prom early studies it "became apparent that the 
radical addition occurring most readily is that involving 
the formation of the most stable radical product. It has 
been found that the effects of substitution in the Imposition 
of ethylene in enhancing the reactivity of the monomer are in 
the order, (Mayo'and Walling, Chem*Reviews,1950,UG,251.)5 
- CgH^ > - CH = CH2 > - COCH3 > ~CN > - COOR 
> - Cl > “CHr,Cl > - OCOCH* >  - OR 
The effect of axsecond substituent in'the same 
position is roughly additive. The'methyl group tends to 
enhance reactivity, e,g» methyl methacrylate is more reactive 
than methyl acrylate. These general conclusions are in good 
agreement with the order of the stabilities of the resulting 
radicals which might be expected when account is taken of 
resonance,structures, e.g, for the benzyl radical, the 
following forms are possible;-
? ? li
H-C* H-0 H-C
\ it If
x x x / (two)
Substitution in the aromatic ring causes 
complications0 One chlorine in the ortho position enhances 
reactivity but with substitution in the other ortho position 
reactivity falls as in 206 dichlorostyrene or pentachloro-
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styrene, This is due to steric hindrance hy the chlorine |
atoms which prevent the side chain from lying. i.n the same :
plane as the ring and thus reduce the number of resonance 
structures, "  j j
Other effects are important in copolymerisation. |
It is found that, while 1:2 disubstituted ethylenes do not 
polymerise, they often copolymerise readily. In growing j
chains.of these copolymers, these monomers show reluctance 
to add to their own radical while readily adding to vinyl
free radicals, e.g. maleic anhydride adds to styrene radical I
. ■  ■ -  ■ . • ii
about 20 times as fast as does styrene although maleic anhydride 
anhydride will not add to its own radical.
When a copolymerisation is carried out which involves 
cis or trans isomers, it is found that the trans isomer shows i
tffai i ili. I 1 T~ ' i .ii. » ■ «
a considerably greater tendency to enter into copolymerisation
than does the cis isomer. This was first noticed by
Marvel and Schertz, (J.Amer.Chem.Soc.,1943*65?2054j 1944* .!
• !
66*2135.), in the copolymerisation of £-ehlorostyrene with
the dimethyl esters of fumaric and maleic acids. Later
Lewis and Mayo, (ibid.,1948,70,1533*)s carried out a |
series of copolymerisations to determine the generality and H
i I
significance of this difference. If it is assumed that j
a free radical has either a planar or an easily reversible
pyramidal structure then the addition of the same radical
to either cis or trans monomer will produce the sane radical ^
adduct, This is supported by the conclusion that for the I
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vinyl acetate - 1.2, dichloroethylene systems, the copolymers 
have the same configuration, (Mayo and Wilzbach, ibid*, 1949, 
71, 1122+0) , Further, it would he expected that the cis 
isomer - the more unstable ~ would he the more reactive.
This is not so; in the case of the nitriles, which in 
equilibrium are in the ratio of trans ; cis of 3 t 1* there 
is very litle difference in reactivity,
A more obvious anomaly occurs in the diethyl 
esters of fumaric and maleic’acids, Here the more stable 
fumarates are more reactive than the corresponding maleates. 
This result is ascribed to the steric hindrance of 
resonance, (Lewis and Mayo,ibid,,1948,JO,1533; Lewis,Mayo 
and Walling,Diss,Faraday Soc,,1947,2,285.). In the 
fumaric ester, either or bothiester groups can be coplanar 
with the double bond since there is no steric hindrance.
Hence resonance forms of the fumarate are possible; i.e.
oc2h5 /oc2h5 ' /0c2h5
0 =C p* ■ H 0=C R ,H 0=C v H\ ■ / \ f / \ ^ /C c~ O  *— c'— c
/  v /  \  /  V
H. C=0 H .C=0 H C~0*
r H a / G H 0 CoHk°"
C2H5° 2 5 2 5 etc.
*
The ester groups of the maleate mutually interfere and 
hence the molecule can never attain a planar configuration 
necessary for resonance.
These findings tend to support the quasi-cyclic
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intermediates in the discussion of the stereochemistry- of 
addition polymerisation (page37.).
ALTERNATING EFFECTS,
The tendency for monomers to alternate along the 
chain can be measured by the product of their reactivity 
ratios. Prom examination of these products it was soon 
apparent that there was an obvious relationship between 
alternation and the polar properties of the monomers 
involved and that a higher degree of alternation occurred 
when a monomer with an electron supplying group, e.g. phenyl or 
vinyl, was copolymerised with a monomer with an electron 
withdrawing group, e,g„ an ester, nitrile or acid anhydride 
group, than if two similar monomers were used.
Price, (J.Polymer Sci.,19U6,1j83.)? has suggested 
that electron-withdrawing and electron-supplying groups 
set up a permanent charge distribution in the monomer and 
radical which may increase or decrease the energy required 
to bring them together. When one species possesses an 
excess and another a deficiency of electrons, then there 
will be a lowering of the required energy and an increase 
in the rate. This treatment has been criticised because 
the expected dependence of the reactivity ratios on the : 
dielectric constant of the medium has not been observed.
A way round this difficulty is to assume a mutual 
polarisation of the monomer and the radical as they approach
3h.
the transition state which becomes only important when the 
separation of the reactants becomes very small.
It has been suggested by Walling, Briggs, Wolfstirn 
and Mayo, (J.Amer.Chem.Soco,19US?70,1537*), that in strongly 
alternating systems, the energy of the transition state may 
be lowered by the participation of resonance structures in 
which electron-transfer has occurred between olefin and 
radical, e.g. for styrene and maleic anhydride.
(i) styrene radical and maleic anhydride
a .
« ..
H C H
-Q* CH ^  y
CH ,° / X
-C©
Ci
0i
c
*  V
CH x
n
CH / 
C
j*
0
etc.
(ii) maleic anhydride'"radical and styrene
-■ CH—  CH
CO CO 
" 0/
CHg = CH
X
- CH —  CHI H
s CO c 
* ■ "o' -0
0
CH2 v. CH
/  4.\/etc,
%
Much of the basis for the electron-transfer-theory 
Is a study of the effects of meta and para substituents of 
styrene and of a-methylstyrene with respect to a series of 
reference radicals of differing polarity, carried out by 
Walling, Briggs, Wolfstirn and Mayo, (loti.c.it.and 15WJ-.)#
STEREOISOMERISM OP ADDITION POLYMERISATION,
The probable presence-of~stereoisomeric structures 
in vinyl polymers having the structure (-CH2*-CR-j_R2~)n has 
been recognised for many years and has been considered the 
cause of poor crystallinity in polystyrene* poly (vinyl 
acetate)* poly (methacrylates) etc* Poly oxymethylenes, 
poly (vinylidene chloride) and high molecular weight 
paraffins* with no asymmetric carbon atom, in contrast 
exhibit a high degree of crystallinity. The explanation 
for this difference has been that steric dissimilarities 
between segments of asymmetrical polymer chains decreases 
the probability of formation of crystalline regions of 
identical units*
Until recently the requirements for optical activity 
in polymers have not been clear* However* Frisch, Schuerch 
and Szwarc* (j*Polymer Sci**1953>11,559*)* have presented 
a mathematical treatment of the possibility of continued 
partial asymmetric synthesis during addition polymerisation. 
Later, a paper by Arcus, (J.Chem.Soc.,1955*2801.), discussed
. . . .  . j
the requirements for maximum order in addition polymers.
In the initiation step* a radical or ion adds 
across the double bond to give a three-membered ring which 
is a resonance hybrid of two structures, e.g. The addition
I K
of R. to ‘‘0 = C' leads to 
. A' VB
I, R K 
v / /
I R K
The radical R will add perpendicularly to the plane of the 
sigma 'bonds/ Since R can add either from above or from 
helow the monomer, two adducts are formed which are not 
superposable and are, in fact, mirror images and thus can give 
rj.se to two enantiomeric chains, D and L, from this initiation
adduct will lead to chain propogation, The addition of this 
and further monomer molecules brings in two new factors; 
additions may be cis or trans and any monomer molecule may 
be brought to the site of addition with its substituents 
on the same side or on the opposite side to the radical.
head to tail, for maximum order to occur, three factors must 
apply in a regular manner. They are (i). The steric course 
of initiation, i.e. D or L which give rise to enantiomeric 
chains, (ii). The addition must be trans at every step or 
cis at every step, Exsisting evidence indicates that the 
addition is generally trans, and (iii). The mode of 
presentation shall be uniform.
By systematic application of these factors, the 
Fischer projection formulae are derived for a fully
The addition of a second monomer molecule to the
Thus, assuming that the additions will always be
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substituted ethylene monomer; eight chain configurations are 
possible, When a vinyl monomer is used* the eight simplify 
to the four following:-
A-
A-
A-
A-
A
A-
R
-A A----
•A
l a
A
-A
R
(i) (2)
E
(3)
t
\
T
J-..A
..|.A
-4~A
-j- ■ 
R
U )
Of these structures, 1 & b9 and 2 & 3 are enantiomers. When 
non-terminal sections of the chains are considered, 1 & i+ 
possess a plane of symmetry through every carbon atom and 
are identical? 2 & 3 possess planes of symmetry through 
every^CHA group and are identical. Thus it is possible 
for two regular diastereomeric chains to esfclst.
When'.a cyclic symmetrical olefin is polymerised, 
eight chain configurations are possible, four pairs of
enantiomers, of which the D forms follows -
A
Ady- 
_-p>A
A-4~v.*
4
a 4~
a J .
-I-
R
(5)
s;;
1 Vi.
...v'A —■ A* Vj».*— >A~ .. -4- A
A V — — A n
- - A
NA •- A J • A
-• ;;,A ✓A~ — -A
A^ Ca - __ ■ ■ A
A,. - A> • A
•*--A —!-A^ ... •-A
s
(6)
■p
(7)
R
(8)
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Considering nonterminal sections of the chains, 5 & its 
enantiomer have no plane of symmetry and are not identical;
6 & its enantiomer are symmetrical about planes between each 
pair of rings and are thus identical; 7 & its enantiomer 
have planes of symmetry through the centre of each ring and 
are identical and likewise 8 & its enantiomer are identical* 
Thus it is possible for an optically active polymer to 
arise in the polymerisation of a cyclic olefin from
'configuration 5-
these chains or their enantiomers possess planes of symmetry 
but if non-terminal sections of 10 and'its enantiomer and of
11 and its enantiomer are compared, it is seen that each 
pair of chains are identical* Those of 9 & its enantiomer,
12 & its enantiomer are not identical* Thus it is possible 
for such a monomer to give rise to an. optically active
When a non-symmetrical cyclic olefin is polymerised
o obtained. The D
forms are*
(9) (10) (ii) (12)
Considering non-terminal sections of the chains, none of
polymer due to configurations 9 or 12 & their enantiomers*
In a later paper Arcus, (ibid*,1957?1189*)> 
discussed the requirements for maximum orderi in strictly 
alternating copolymers, (i*e where r^ = t»2 = 0)* The 
requirements for maximum order in addition polymers still 
apply with one modification* Since alternation occurs 
presentation of one monomer to the chain ending in the other
must be considered* If the monomers ares-
I A L v x
c'if Ifc c
K" '■B M' XY •
(I) (XI)
the modes of presentation for the polymerisation of I are
IA . AT
KB BK and are designated 1 and 1*
IA IA
KB KB respectively*
1 IV
On analagous lines the modes of presentation for the two 
monomers can be represented as follows
LX XL
MY YK which are the modes of
IA IA
KB KB presentation of II to I and are
2 2’ designated 2 and 2f respectively*
IA AI which are the modes of
KB BK
LX LX presentation of I to II and are
M  MY
f designated 3 and 3f respectively.
3 3
ko.
Thus there are 16 possible regular chain configurations*
They arise in the following ways;-
Addition* Presentation Presentation D L
of II to Io of I to II* initiation initiation
Trans 2 3 13 21
Trans 2 3’ 11+ 22
Trans 2* 3 15 23
Trans 2* 3’ 16 2k
Cis 2 3 17 25
Cis 2 3? 18 26
Cis 2’ 3 19 27
Cis 2! 3’ 20 28
Ixamination of these 16 chains show that there are 8 pair
>f enantiomers, each pair diastereomeric with the others*
Examination of non-terminal sections of the chain shows that 
none have planes of symmetry hut that 11+ & 22, 15 & 239 18 
& 26* and 19 & 27 are identical; thus there are 12 different 
regular chain patterns*
Copolymerisation of simpler ethylenes leads to 
simplification of these structures. When two vinyl 
compounds are copolymerised then I and II "become 
CH2 = CHA (III) and CHp = CHX (IV*) and the modes of 
presentation "become;-
HX XH for the presentation of 17 to
HH HH
HA HA III and designated ij. & V
HH HH .
HA
HH
HX
HH
AH
HH
HX
HH
5’
for the presentation of III to 
IV and are designated 5 & 5!»
If IV is presented to III in mode k9 then the 
mode of presentation of III to IV is more likely to he 5 
than 5f since in hoth modes k & 5 the substituent groups 
A and X are relatively close together whereas in 1+’ & 5! 
they are relatively far apart« It would he more prohahle 
for & 5’ to he coupled together„ Using these 
simplifications the relevant general chain configurations 
arise from the coupling of 2 & 3? and of 2* & 3'$ and are 
13? 16, 17? 20, 21? 2k9 25 and 28, These lead to four 
different configurations; 13 & 28—5* 29; 16 & 25—* 30; 17
& 2k A
A-
x'
a U-
X-
a I 
ft
(29)
31; 20 & 21
A
A*
A—
32
-X
-X
x~
X-
A «...
R
(30)
-A
.. A
• A
R
(31)
-A 
•X
-A 
-X 
-A 
R 
(32)
Of these 29 & 32, and 30 & 31 are enantiomers; each pair 
possesses planes of symmetry in non-terminal sections of 
the chain at every substituted carbon atom, thus 29 & 32 
are identical, as are 30 & 31 « Thus two regular
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diastereoisomeric chains are obtained from the 
copolymerisation of two vinyl monomers«
For the copolymerisation of CHg = CHA (ill) and 
cis XHC = CHX, (V), a similar scheme for the modes of 
presentation can he used*
HX XH HA. AH
HX XH HH HH
HA HA HX HX
HH HH HX HX
6 6’ 7 7*
In this case it would more likely for 6 to he coupled with 
7 and for 6’ to 7’» Four pairs of enantiomeric chains 
would occur; these are derived from 13, 16, 17? 20, 21, 24,
8. The D forms follow, (33 - 36).
* )
a 4  • A- ...-A —.A
—J „_
x-j- •X XI-— -X
... L X V X- .X
aJ .I A-- -A -A
x4- -x 'X~ ~X
,-4- X ■vyv— X- —-X
A--1-
_L_
A— — — .A ~4~A
R R 1 R
(33) (3k) (35) (36)
None possess planes of symmetry and enantiomers are not 
identical,, Thus it is possible for optically active chains 
to he formed,,
For CIi2 = CHA and trans XHC = CHX, the presentations 
are given by 8, 8 ?, and 9? 9’*
With X and A more remote in 8 than 8!, it would he more 
likely for 8 to he coupled with 91 and 8 * to be coupled 
with 9» Thus from the general con:?i,durations, those 
resulting from 2 & 3f coupling and from 2! & 3 coupling are 
more likely, i<,e, chains Ik & 22, 15 & 23? 18 & 26 and 19 & 
27? which give four diastereoisomeric chains*
When CH2 = CHA and cis AHC = CHA are copolymerised,
the derivation of the chain configurations is the same as
for CH2 = CH/1 and cis XHC = CHX, The D forms are represented
below, (37 - UO).
A-
A-
A~
A-
A
A
A~
A--
A-
A~
A A-
A-
A
A-
*A
A-
A
A
A
•A
A
-A
R R
(37) (38)
E E 
(39)
s
(1+0 )
Non-terminal sections of 37 and b0 have planes of symmetry 
through every^CHo group and are thus each identical with
its enantiomer, 38 and 39 have no planes of symmetry but 
sections of 38 and the enantiomer of 39 are identical as 
are 39 and the enantiomer of 38,
When CHg = C M  and trans AHC = CHA are copolymerised, 
the chain configurations are of the same type as for 
CH2 = CHA and trans XHC = CHX, The D forms are represented 
below, (2+1 - kb)o
A~
A-
A--
A
*A
A
A-
A'—j— .
A
-A
A
A-
A.
A-
H
(Ul)
A-~j~
-h
(2+2 )
A
A
A
A-
A-
A~
R
A
A
A
(2+3)
R
( k k )
Non-terminal sections of 2+1 and Ub have planes of symmetry 
through every middle>CHA group of the set of three'CHA 
groups and are thus identical each with its enantiomer, 2+2 
and 2+3 possess no planes of symmetry hut “both with their 
enantiomers are of one chain configuration.
In considerations of the stereoisomerism of 
polymerisation and copolymerisation account must he taken 
of termination reactions. The mechanisms of termination 
have heen discussed earlier and in this section, only one 
mechanism, that of combination gives rise to a complicating 
factor. All other mechanisms yield molecules which have 
structures already assigned ahove. By the conditions already 
defined for maximum order, only systems in which enantiomeric 
chains are formed need he considered. When two chains of 
length a and h mutually terminate, a chain of length a + h
2+6,
which approximates to a molecule in which two chains of 
length h are mutually terminated, together with a simply- 
terminated molecule of length (a-t>)„ From this consideration 
four possible resultant chains arise,. They are:-
Type Initiation of a Initiation of b 2(b) (a-b)
(i) I) D LD D
(ii) D L DL D
(iii) L D LD L
(iv) L L LL L
If the chain structures already derived are considered, then 
9> 10, 11 and 12 and their enantiomers would yield by 
mutual termination all types of chains, ( i - iv)„ When 
chains are formed from the enantiomers 1 & there results 
from combination of types (ii) and (iv).a highly regular 
meso structure which is symmetrical except for the presence 
of one tail to tail unit at the point of combination,,
arises from combination of type (ii).
The system (8 + enantiomer) will resemble 1 + U* 
The chains resulting from the mutual termination of 
enantiomeric chains 2 & 3 will yield from all types (i -iv) 
a highly symmetrical meso type of molecule* It is only 
irregular in that at the point of combination there is a 
tail to tail unit*
e.g.
A A A A A A . , •
R
t i  f  « * •
A A A A A
Meso type chains will also arise from mutual 
termination of chains in copolymerisation, In general 
they will arise in systems where the enantiomeric chains 
possess planes of symmetry. When identical groupings or 
sequences lie alternately to the ,Ieft and to right along 
the axis of the Fischer projection formula then all types 
of mutual termination will yield meso type molecules. If 
such alternation does not exsist* then only from (D + L) 
termination will meso molecules he obtained. ( If the D 
and L chains are of equal length then a classical meso 
molecule will he produced. This is however far less prohahle 
than the termination of D and L chains of unequal length.)
Until recently* highly regular crystalline addition 
polymers could not he made. In 1955? Ratta* (j,Polymer 
Sci.* 1955?16?82*142.)* announced the preparation of highly 
regular crystalline polymers of a-suhstituted ethylenes 
using stereospecific Ziegler catalysts. These catalysts 
are formed from aluminium trialkyls and titanium chloride.
The polymers obtained corresponded to the structures 1 -4 
described earlier. Those having structures 1 & 4 were
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termed ,fisotactic” and those with structures 2 & 3 were 
termed "syndiotactic”. Polymers having amorphous structures, 
Natta termed atactic. Natta found that an isotactic 
polymer could exsist in two conformations, a D or L helix. 
The helix is forced upon the chain by the size of the side 
groups. The distance between sucessive main chain carbon 
atoms is such as to cause a staggering of all substituent 
groups larger than hydrogen. Thus the chain is forced into 
a helix which may be a left handed or right handed screw.
Prom 1.3.butadiene, Natta has prepared, using 
stereospecific catalysts, a 1.2.polybutadiene in which the 
alternate main chain carbon atoms have alternate D & L 
configuration, and this polymer, syndiotactic 1.2.poly 
butadiene, is highly crystalline. 1.4 polybutadienes have 
also been prepared which are substantially uniformly of 
cis or trans configuration about the double bonds. Those 
having cis configuration are rubbery at room temperature 
whilst those with trans configurations are hard crystalline 
materials.
OPTICALLY ACTIVE POLYMERS.
The preparation and properties of a number of 
optically active copolymers and polymers are reported in 
the literature, In general, they have resulted from the 
polymerisation or copolymerisation of a monomer possessing 
an optically active side group. In some investigations, 
the effect of removing the optically active side groups on 
the rotatory power of the polymer has been made to discover 
the extent to which the polymer residue can exsist in 
dissymetric optically active forms.
Considerations of the bearing of these investigations 
on the course of polymerisation hap three aspects. They 
are as follows
(a) When an optically active monomer is the first unit of 
a growing chain, then either D or L initiation will occur 
preferentially, since the adducts formed the initiating 
radical and the monomer are no longer optical isomers but 
diastereoieomers, and there will be differing rates of 
formation,
(b) In the derivation of the chain configuration it was 
considered that the monomer which possesses a plane of 
symmetry through the G bond system would present one side
to a growing D chain end with equal ease present the opposite 
side to a growing L chain. With a monomer which does not 
possess this plane of symmetry, this equality no longer
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exsist; the transition states of the monomer* (of e.g. 
configuration d), and the polymer main chain* (of 
configuration D & L* )V become diastereoisomeric* dD & dL* 
and,the rates of chain growth will he different*
(c) A further element of dissymetry is contributed to the 
transition state by the incorporation of optically active 
side groups into the growing chain which render the chains . 
themselves no longer optically isomeric but diastereoisomeric* 
These three factors so operate that the enantiomeric 
chains are not initiated or propogated at equal rates*
The presence of optically active side groups 
would give rise to an optically active polymer but the 
possibility of the polymer being optically active on 
removal of the optically active side groups will depend on 
the presence or absence of planes of symmetry in the main 
chain* Thus it would not be expected that optically active 
polymers would result from the polymerisation of vinyl 
monomers which do not possess optically active side groups. 
Similarly copolymers resulting from pairs of vinyl monomers 
each without optically active side groups, would not be 
optically active* These facts arise from earlier 
considerations of the stereochemistry of addition, (page *4-3)* 
The earliest work on optically active polymers 
was carried out by ?/alden* (Z*physik*Chem* * 1896*20*383o ), 
who found that there was no significant change in the
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optical rotation when he polymerised optically active 
diamyl itaconate, In more recent times* Marvel et al**
(J,AmeroChem«Soc* * 1943?6 -^, 1647«)5 have attempted to induce 
optical activity in the synthesis of polystyrene* 
poly (methyl methacrylate) and polyacrylonitrile using 
optically active free radical initiators* The resultant 
polymers showed no optical activity*
A number of examples exsist in the literature of 
the polymerisation of an optically active monomer with 
subsequent removal of the optical centre* Marvel and 
Overberger* ( ibid* * 19UU? 66,h75»)» first found no significant 
change in the rotation as a result of polymerising p-vinyl 
benzyl +-sec*butyl ether* Later they* (ibid*,19^6*68*2106.) 
polymerised (+V-sec,butyl, .o-vinyl benzoate and saponified the 
polyester to give the polyacid which had no optical activity* 
Overberger and Palmer., (J *Amer .Chem.Soc.»1956*78* 
66*)* polymerised(4^-o-(sec*butyl thio methyl) styrene and 
copolymerised this monomer with methyl methacrylate 
The sulphur* and hence the■sec.butyl groups* was removed 
with nickel at 150°* Neither polymer nor copolymer 
exhibited crystallinity or optical activity*
Beredjick and Schuerch, (ibid*,1958*80.1933.)* 
working along similar lines polymerised (-)-1-phenyl ethyl 
methacrylate and copolymerised it with maleic anhydride.
The optical centres were removed with phosphonium iodide*
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The resultant polymer had zero rotation "but the copolymer 
had a'(+) rotation*
While it would he expected from the earlier 
discussions of the stereochemistry of addition polymerisation 
and copolymerisation that the polymers of vinyl and vinylidene 
monomers would he optically inactive, due to the presence 
of numerous local planes of symmetry, it is passible for the 
strictly alternating copolymer formed from a cis 1*2* 
ethylene monomer and a vinyl monomer to he optically 
active* In this case the copolymer is not strictly 
alternating hut since each maleic anhydride unit will 
always he followed hy an ester unit, the copolymer could 
still he optically active* However, the results must he 
accepted" with some reservation as the hydrogen analysis,
(6*1^> is ahout 25% higher than experted.
Reduction of other groups in the chain and hence an 
asymmetric synthesis is possible*
A novel approach to the problem of optical activity 
in addition polymers and copolymers has been made-by 
Arcus and West, (J*Chem.Soc*, in prooL)s who have 
investigated the optical rotatory powers of a group of 1 
poly methacrylates* These they have compared with the 
corresponding pivadate, (trimethylacetate). In the 
treatment of the results, distinction has been made between 
the primary structure, which is the covalent structure of
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the polymer ignoring chain coiling, and the secondary 
structure, which is the form of helical coiling the chain 
takes up* ( i.e. it is a conformation). The rotatory power 
of the polymer is made up of three potential contributions; 
(a) that due to the optically active side group, in this 
case (+)-1.3.dimethylbutyl, and adjacent groups to which 
it is immediately covalently bonded, and to possible 
dissymmetry in (b) the primary and (c) the secondary 
structure.
Since the primary structure does not contribute to 
the optical rotatory power due to numerous local planes of 
symmetry, the difference in rotatory power of the polymer 
and the corresponding pivulate is due to the coiling of 
the main chain* :By use of C.R.L. catalin models it can 
be shown that, if the side groups are not to be closely 
crowded, both syndiotactic and isotactic structures must 
take on helical conformations.
ASYMMETRIC TRANSFORMATIONS.
In 1913 $ Leuchs and Wjltke, (Ber .«1913 » U6, 2U2Q *) 9 
found that from a solution of the "brucine salt of 
(+)-o-carboxybenzyl-^-hydrinone in acetone, the (+)-acid 
"brucine salt was obtained in yields which indicated that all 
the (-)-acid brucine salt in solution had become converted to, 
and crystallized out as, the (+)-acid brucine salt, Later 
removal of brucine from the (+)-acid brucine salt yielded the 
(+)-acid which racemised readily. This stereochemical change 
they termed an asymmetric transformation.
In later investigations by Read and McMath, (j . 
Chem.Soc.,1925?1572), it was found that the (-)-hydroxy- 
hydrindamine salts of (~) & (+)-chlorobromomethane sulphonic 
acid in dry acetone showed rotational changes which could 
only be explained by the following equilibrium:-
(-)-base ( + )-acid  —  - ^  (-)-base (-)-acid
this equilibrium greatly favours the (-)-base (-)-acid.
Since these investigations were published a great 
number of other examples have been recorded. Prom these 
records a number of generalisations can be made.
Asymmetric transformations can only take place where 
substances are both optically active and optically labile 
i.e. (+) and (-)-forms are convertible under transformation 
conditions. In the transformation an optically active agent 
is required which will combine with the labile substance
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to give two diastereoisomers of different free energy but
which are mutually convertible-, It is in this that a
transformation differs from a resolution, A resolution 
becomes a transformation if one hand is formed in excess 
of the other, e,g,
(+)A (+)B + (~)A (+)B
50% 50%
 ---
(+)-Acid + (+)~Base
T r ans f o r ma t i o n " \ ^ ^
' ( + )A ( + )B + (-)A ( + )
x% (100 - x)
where x ^ 50
Experimental observations indicate that two 
processes may occur under appropriate conditionss
i) First Order Transformation
, This takes place if the diastereoisomers have real 
exsistence in solution i„e„ they do not dissociate. It 
is a dlsproportionation undergone by an optically labile 
substance when it is subjected to an asymmetric influence. 
Initially the composition of the solution will be given 
by
(+)-base (+)-acid v (+)~base (-)-acid
50% 50%
However, with the formation of two diastereoisomerides of 
differing free energy, equilibration will occur until the 
following equilibrium has been reached
( + )-base ( + )~acid C" ■ s ( + )-base (-)-acid. 
x%> (100 - x)/o
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The mutarotation can sometimes he followed polarimetrically. 
Occasionally the optically labile acid can he recovered 
from the transforming agent and its transient rotation 
observed,
ii)» Second Order Transformation,
This takes place when one diastereoisomer begins 
to crystallize out from solution and this upsets the 
equilibrium
(+3-base ( + )-aeid ( + )~base (-)-acid
since the least soluble diastereoisomer is being removed 
from the system. Thus the reaction is forced in one 
direction resulting in the predominance of one • 
diastereoisomer.
Many of the examples of asymmetric transformation 
are to.be found in compounds whose optical activity is 
due to the restriction of rotation about a single bond, 
Other examples exist in molecules where interconversion 
of the antipodal forms is possible by a prototropic shiftjj 
transformations can also occur in certain complex salts. 
Compounds which owe their optical activity to 
restricted rotation are normally the best for both types 
of transformation since the origin of the activity is 
physical and not due to an asymmetric carbon atom. Such 
a, compound which can be used to demonstrate the two types 
of transformation is N-benzenesulphonyl-8-nitro-l~naphthyl- 
gl.ycine, „
PhSOp CHoCOOH
o2n n
Mills and Elliot, (j.Chem.Soc.,1928,1291»)»'found that when 
this acid was dissolved in acetone and an equivalent of 
brucine added, the rotation began immediately to change 
in the dexro-direction. The mutarotation is due to the 
formation of the (+)-acid salt in preference to the (-)-acid 
salt. Proof of this is shown when the brucine is washed 
out with sulphuric acid,0 the rotation of residual acid solution 
is dextrorotatory. The second order transformation can 
occur in either direction depending on the solvent used.
In acetone the (+)-acid salt and brucine gave the (-)-acid- 
salt as the monohydrated crystals in 98% yield whilst in 
methanol a 75%> yield of the (+)-acid salt (3H20) was 
obtained.
The compounds of the second class, i.e. those 
involving a prototropic shift, generally rely on the 
presence of an optically inactive intermediate in a 
tautomeric change. E.g.
•y':
c h 2
GOOH
CH,
/
CH
(+) or (-)-2-o-carboxybenzyl 
-1 -laydr inone , (I). ■
and
% s
CHo CHo
V
\
COOH 0 ^  
OH
enolic inactive 
form
rV CHoNHX JH-COOKi=0
(+) or (-)-hydrocarbostyril 
3-carboxylic acid, (II).
COOH
-OH
NH' 
enolic
Both (i) and (II) undergo second order transformation; 
(+)-(l) with brucine in acetone gives 9k% yield of the 
(+)-acid salt whilst (+)-(ll) with quinidine in methanol 
gives the dihydrate (+)-acid salt*
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DISCUSSION,
STYRENE - MALEIC ANHYDRIDE COPOLYMER*
FIBRES AND FILMS»
Until recently the synthesis of crystalline 
addition polymers had not been achieved* Partial . 
crystallinity had been noticed in some polymers which were 
generally those which did not possess an asymmetric carbon 
atom in the chain* The presence of asymmetric carbon atoms 
in the chain decreases the likelihood of crystallinity |
since disorder in the chain is increased* j
Arcus, (J,Chem*Soc.,1955?2801), discussed the |
requirements for maximum order in addition polymers and 
came to the conclusion that three factors govern regularity v 
They were i). The mode of addition, i»e* cis or trans,
ii)* The modes of presentation of the monomer to the chain 
end, and iii)* The steric configuration of the attack by 
the initiating radical* If these factors are strictly 
controlled, then regularity In the polymer results* In j
free radical polymerisation such control is usually absent j 
and a random structure, giving an amorphous polymer, is 
obtained* However, Natta, (J.Polymer Sci*, 1955*16,82 & 11+2.}, j 
using stereospecific catalysts, where control occurs, I
obtained highly crystalline regular polymers of a-substituted I 
defines where the substituent is an electron-supplying 
group*
The requirements for maximum order in strictly
alternating copolymers, (Arcus, J.Chem.Soc.,1957,1189), are
the same as for regular polymers with one modification; the 
addition of monomer I to chain end II must he considered 
as well as the addition of monomer II to chain end I* j
The Copolymer of maleic anhydride and styrene is i:
almost strictly alternating and this has heen attributed 
by Barlett and Nozaki, (j.Amer.Chem.Soc.,1946,68,1495»)?
|
Walling, Briggs, Wolfstirn and Mayo, ( ibid,, 1948*20, 1537*)? ' j|
and Walling and Mayo, (Faraday Soc.Discussion, 1947?2,295«)? |
to the marked difference in the electronic character of |
the two monomers? electron-attracting carbonyl groups in j;
maleic anhydride, and a phenyl group in styrene which is |
capable of electromeric electron release. It was inferred |
that such interaction would have specific steric j
requirements and that the presentations of the copolymerisation j 
would be strongly controlled by the formation of a polar i]j
complex, the structures of which have been earlier discussed. |
Thus it was supposed that the copolymer might possess steric I
regularity and hence this would be apparent in regions
of crystallinity. [
;
Two methods of preparation of the copolymer were 
used. In the method due to Stoops and Staff, (U.S.P.
■ . ' ■ f
2,375?9^0), the monomers are dissolved in acetone with ^
benzoyl peroxide, in \ mol % quantity, as initiator and 
heated under reflux for six hours. The copolymer was
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obtained as an extremely glutinous mass. It wsis obtained 
as a white- solid by dissolving in acetone and precipitating
into methanol. For best results, the qcetone solution had to
r f
be dilute and the methanol vigourously stirred otherwise 
the copolymer aggregated in glutinpus lumps. Analysis of the 
copolymer indicated that during the precipitation, partial 
hydrolysis and/or esterification had occurred.
The other method, due to Wiley, (Ind.Eng.Chem.,1946, 
38?959)? has the advantage of not requiring the 
reprecipitation process. The monomers in equimolecular 
proportions are dissolved with benzoyl peroxide as initiator 
in benzene and heated under reflux for one hour. The 
copolymer separated as a white solid from the selution.
A fibre was made from the Stoops and Staff
copolymer by drawing an 80% acetone solution from a jet 
immersed in methanol. Films were made by allowing acetone 
solutions of the copolymer to evaporate on clean mercury 
surfaces. X-ray and Infra red examination of these 
specimens, carried out by Dr.C.W.Bunn of I.C.I. Ltd., Plastics 
Division, indicated very little difference from an amorphous 
polymer. The X-ray diffraction pattern gave no evidence of 
crystallinity; a diffuse ring indicating a spacing of 4*4A 
was shown.
In the course of attempting to prepare the fibre 
from the Wiley copolymer, a quantify
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of the acetone solution leaked into the methanol and 
produced a piece of macrofil. This”necked down” on being 
stret-ched. It is known that necked-down regions of nylon 
and terylene fibre exhibit crystallinity where as the 
untouched sections are amorphous. The necking down process 
brings about a physical rearrangement, reorientating the 
many disordered chains in the fibre. Examination of the 
drawn portion of the copolymer macrofil under crossed ITicols 
showed' marked interference colours when placed at 45°J 
the undrawn portion showed white opalescence. The X-ray 
diffraction of the oriented filament was similar to that 
obtained before. Either the copolymer chains do not possess 
steric regularity or the packing of the regular chains 
into a crystal lattice was not effected.
ASYMMETRIC TRANSFORMATION.
It has been considered that-the formation of a 
polar complex in the transition state would have 
controlling effects on the copolymerisation, Thus the 
Fischer projection formulae derived by Arcus for maximum 
order in strictly alternating copolymers formed from 
CH2=CHX and cis CHA=CHA can be applied to this copolymer.
For example, if the presentation in the transition state 
at each act of addition were such that the anhydride ring 
and the phenyl, ring overlap, then the copolymerisation
would lead to sterically regular configurations and for 
trans and cis addition configurations 33 and 36 apply.”
Sihce it lias been assumed that the addition will he cis 
at every step or trans. at every step, only two enantiomeric 
chains will result, These have heen shown earlier to possess 
no local planes of symmetry and to he non-identical and 
are thus non-superposahle mirror images.
If a ...repeat unit of the chain is examined, i.e.
- OH - CHo - CH - CH-» - i t
Ph CO CO
'o'
it is seen that there are three asymmetric carhon atoms 
in each repeat-unit* The partial esterification of the 
anhydride woiild yield a section which could undergo some 
form of asymmetric transformation under the influence of 
an optically active stable base. E.g.
|- CII 
I ‘
I Ph
CH,
[- CH - CH2
Ph
CH - CH - 
CO CO
V
ch - c: -
i H
CO C-OH
i i
OH OR .
ROH
n
- CH - CHo - CH - CH - 
I I I
Ph CO CO
OH OR n
XI
- CH 
!
Ph
CHo C - CH 
C~OH CO 
OH OR n
If one enantiomer exsists in a lower energy state as its 
alkaloidal salt than the other, then treatment of the half 
ester with an alkaloid should hring about the transformation.
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If, in fact, the chains are a mixture of sections of D 
configuration and sections of L configuration, then this 
treatment could hring about, by inversion, regularity in 
the chain, i.e. producing either D or L chains which would 
be optically active. Thus this induction could be 
detected by the resultant rotatory power.
The copolymer was prepared by the method of 
Wiley, (loc«,cit,), and the partial esterification carried 
out with methanol in the presence of pyridine. Taking the 
weight of a repeat unit as the molecular weight, 1 mol of 
the anhydride copolymer was heated with 1,1 mols? of pyridine 
and a large excess of methanol. A large excess of methanol 
was used because it acted in two ways; firstly as an 
esterifying agent, secondly as a solvent for reactants 
and product. The half-ester copolymer was recovered from 
the reaction mixture by pouring the reaction mixture into 
briskly-stirred dilute hydrochloric acid.
Equivalent weights of the dried copolymer were 
found by the method of Bamford and Barb, (Biss..faraday Soc., 
1953jlUj208,), in which are used sodium methoxide, in 
benzene-methanol mixture as solvent, and Thymol Blue 
indicator. The copolymer was dissolved in acetone but a 
precipitate formed during the titration and the end-point 
was taken when the colour change, (yellow to blue), 
persisted for one minute. Methanol was used as an
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alternative solvent for the ester copolymer. It had the
advantage of no precipitate forming during the titration
hut the disadvantage of not having such a good colour
change, (yellow - olive green), at the end-point. The
equivalent weights in methanol showed esterification to
have proceeded to about 90%o
The transformations were attempted with brucine,
cinchonidine and quinidine. In practice, it was found
best to mix hot solutions of the ester copolymer and the
alkaloid in the same solvent, Generally the addition of
the alkaloid was immediately followed by deposition of the
alkaloid-copolymer salt. Removal of the alkaloid was
effected with dilute acid. The normal treatment found to
be necessary was for the copolymer-alkaloid salt to be
ground many times with acid. The method of shaking or
stirring with acid sucessfully used in the recovery of
optically active hydrogen phthalates was not a sucess in
this instance. The rotation of the recovered copolymer
was determined. That recovered from the brucine treatment
had zero rotation. With cinchonidine, the recovered copolymer.
had a small negative rotation, (-0.1°), which was probably
due to.unremoved traces of the alkaloid. From the quinidine
treatment, a copolymer was recovered which had a rotation
in methanol of-i-1,50? (l, 2; c, 5»)° However, under the
-25
conditions used, quinidine has [Q'J-q of about+250° ; thus
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this rotation could he due to unremoved quinidine.
Although chemical tests of sufficient sensitivity were not 
available* it was possible to detect the presnce of 
quinidine in solutions of the recovered copolymer by its 
fluorescence in ultraviolet light. Analysis of this 
copolymer gave a nitrogen content which showed the rotation 
observed could be attributed to quinidine.
% N required for observed yotns.* q .51$*'
.jJfo N found* (i) 0.3*4$* (1 i) 0.35%» (Calcs, are given
on page lot),
OPTICALLY ACTIVE HALF ESTER OF STYRENE - 
MALEIC ANHYDRIDE COPOLYMER.
It was decided to prepare the (+)-1.3«dimethylbutyl 
half ester of styrene-maleic anhydride copolymer and to 
investigate its optical properties in various solvents.
The method sucessfully used in the preparation of the 
methyl half ester was applied* with modifications* to the 
preparation of the racemic half ester. The first modification 
was the use of equimolecular proportions of the racemic 
carbinol and the anhydride copolymer. While the racemic 
carbinol is plentiful* the yield of optically active 
carbinol from a resolution is about k0% of the total 
carbinol used. Thus to work with an excess would involve 
many resolutions and also unavoidable waste in the recovery 
of the unused carbinol. Excess pyridine was first tried as
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a solvent for the reaction, hut the attempt was a failure, 
Dioxan was tried as a solvent hut again the esterification 
was not satisfactory. The recovered ester copolymer 
had an equivalent weight of ahout 250 or less whereas the 
calculated value is 302,
As an alternative approach, it decided to attempt 
the preparation of (+)-1.3#dimethylhutyl half ester of 
maleic acid and copolymerise it with styrene, (Barrett,
U,S, Patent, 2,537*017»)<* Again the preparation was . 
attempted with the racemic carhinol, Equimolecular proportions 
of maleic anhydride and 1.3*dimethylhutanol were heated 
together for eight hours at 80°, ( The normal method of
preparing a half ester from an anhydride in the presence 
of pyridine could not he used because, on adding pyridine 
to maleic anhydride, a black tarry mass rapidly forms,)
The clear viscous liquid which was obtained tended on 
distillation to dismute, with maleic acid collecting in 
the condenser. Continued distillation through a clean 
condenser yielded some half ester of good equivalent 
weight. This was copolymerised with an equimolar amount 
of styrene in sealed glass tubes at 80° with benzoyl 
peroxide initiator and gave a block copolymer. By 
reprecipitation from acetone solution into,water, the 
copolymer was obtained as a white solid. Equivalent w.eJTght 
determinations showed that the monomers were present in the
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copolymer in a ratio of styrene jester of 1 .2 sl .
The preparation of the hydrogen maleate was then..
repeated with optically active carbinol but on distillation
only dismutation products were obtained and no proceedure
preventing dismutation in distillation was found. The
reaction was repeated but the product was not distilledo 
PR
It had a>5B13 + (1? 0,5)? and was copolymer is ed. with
styrene in a manner already described. Unreacted monomers 
were removed by shaking with benzene for one hour.
Optical rotatory dispersions were determined in a 
number of solvents which varied in nature from polar to 
non-polar and from acidic to basic, The solvents used were 
ethyl acetate* acetone* methanol* glacial acetic acid* 
pyridine and a-picoline, The possible variation of specific 
rotation with concentration could not be investigated 
owing to the extremely viscous solutions encountered at 
concentrations greater than c = 5» It was found that 
observations with Cd 6I4.3 8 and Hg k35& were not satisfactory; 
the transparency of the soTutions not being of a high 
order. Observations indicated that in solvents where no
interaction occurred bet?/een the solvent and the copolymer
25 o
an average cc-^^of about + 0 , 5 ? (l?2 ;c*5 ®)? was observed*
(See page u D  ), Where interaction did occur* as in pyridine* 
leading to salt formation* the rotation observed is much 
diminished* e„g, in pyridine* 0^ 3= + 0,12°, This result
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was confirmed with a-picoline.
If it is considered that the rotatory power of 
the copolymer is made up of three contributions i.e.
a) that due to the (+)-l,3odimethylbutyl groups 
together with the groups to which they are immediately 
covalently bdnded in the popolym$r*
b) that due to the dissymmetry in the main chain i.e, 
the primary effect*
c) that due to the coiling of the chain i.e. the secondary 
effect,
then, of these three effects those contributions due to 
a) and b) appear to remain constant since there is little 
variation in rotation in the solvents other than pyridine 
and a-picoline and it is reasonable to suppose that they 
will not alter radically in basic solvents. The third 
contribution is however open to variation since it is due
to the conformation of the chain which is due to physical
■>
effects. Any change in the conformation of the chain will 
be reflected in the rotation. The addition of pyridine 
will effected the removal of protons from the unesterified 
carboxylic acid groups to give pyridinium ions and leave 
the acid groups negatively charged. These negative 
charges will tend to repel each other and in their 
endeavour to move apart will cause the chain to extend and 
disperse to a greater extent than it was in the non-salt
•forming state.
Further evidence for the interaction was afforded 
by viscosity measurements. The values obtained in pyridine 
were almost double those obtained in ethyl acetate.
Since viscosity may be qualitatively equated to resistance 
to flow, the increased viscosity in pyridine points to a 
less compact condition of the molecule in this solvent than 
in non-basic solvents*
Saponification and hydrolysis experiments.
In an attempt to discover whether the main chain
was , in fact, optically active, the removal of the optically
active side-groups by hydrolysis was investigated. A
number of workers have prepared optically active polymers
and subsequently removed the optical centre. This work
has been mentioned elsewhere, (page 51)-
In the hydrolysis two methods have been usedj one
with alcoholic caustic potash, the other with sulphuric acid
-acetic acid mixture. From both the recovered copolymer 
25 ohad [a]^ = +3»2 . This is about one half that of the
original copolymer, and the copolymers were never in
homogeneous solution during the hydrolytic treatments. It
is felt that, until an exhaustive treatment of hydrolysis can
be given, involving the devising of homogeneous solutions
and leading to constant final rotation after varying periods
ofhhydrolysis, the status of the rotatory power of the present 
hydrolysed polymers must be left in suspense.
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VISCOSITY MEASUREMENTS,
As a means of characterising the copolymers of (+)- 
1,3 dimethylbutyl hydrogen maleate and styrene, the viscosities 
of their solutions were determined in two solvents* In 
dilute solution* the viscosity is related to the length 
of the polymer molecule* and hence to the molecular weight, 
and to the concentration of the solution hy the following 
relationship;-
P p c  =
where c is the intrinsic viscosity of the polymer 
solution at concentration c, K is a constant depending on 
the type of polymer and a is a variable index dependent 
on the shape of the molecule, hut which averages 0*66 for 
a variety of polymers,
. To measure the viscosity of a polymer, it is 
necessary to compare the flow-times of the solution with 
that of the solvent in the same viscometer. The following 
relationship yields the intrinsic viscosity, W c ’
Flow-time solution
x In,
N'!
Concentration \Flow-time solvent
Since the intrinsic viscosity is related to the molecular 
weight, the copolymers may he characterised by their 
viscosities.
The intrinsic viscosities'were determined at 2'5° in No 1 
Ostwald viscometer using ethyl acetate and pyridine solutions, 
(c,0.5g/100ml). 73„
STYRENE - VINYLIDENE CHLORIDE COPOLYMER.
In any "binary copolymer tfra extent1 to‘which a .‘given 
monomer will be present in the chain depends on the 
electronic character of the two monomers,, In cases where 
the second monomer, (M2)9 is present in low percentage, i.e, 
where r2^  r^ ., the resultant copolymer will tend to 
resemble the polymer of over Sections of the chain and 
will only differ from this polymer in that there will be 
occasional interruptions in the chain by units of Mg*
C"U
If additions of are regular, then the chain 
will consist of regular sections of separated by units 
of Mg? i.e. for = CH2 = CHA and M2 = CH2 = CHX, two 
regular chains are possible,
1.
X A A A A X
1 < 1 1  i 1
-CH2-CH-CH2-CH-CH2-CH-GH2-CH-CH2-CH-CH2-CH-
1
A A A A
t i l l
HOOO-CH2-CH-CH2-CH-CH2-CH-CH2-CH-CH2-COOH
In case 1 the sections of the chain of. M-j_ correspond to the 
isotactic polymer and in 2 to the syndiotactic. polymer.
If the group X is either easily oxidised, or 
easily substituted by a group which itself is easily 
oxidised, then oxidation of this copolymer would lead 
entirely to .peso dicarboxylic acids resulting from the 
isotactic chain, or (at least in part) to racemic 
dicarboxylic acids resulting from the syndiotactic chain, 
(oxidations as shown)* It was therefore decided to 
investigate the effects of oxidation on such a copolymer,
For this purpose a copolymer was sought which 
would contain the monomers in a ratio of about 1+:1, one 
monomer to have an easily replaceable or oxidised side 
group. Of the styrene copolymers, styrene - vinyl sloofro! 
does not exsist since styrene - vinyl acetate copolymer, 
from which it would be obtained by hydrolysis, cannot be 
made. The copolymer of styrene - vinyl chloride cannot be 
used for two reasons. Firstly the chlorine atoms of vinyl 
chloride are extremely difficult to displace by hydrolysis 
and secondly the copolymer resulting from the copolymerisation 
of these monomers contains the monomers in about equal 
amounts. The choice then fell upon styrene - vinylidene 
chloride copolymer.
Of the available methods for copolymerisation 
recorded in the literature, one, (Wiley, U,S,Pat'. nt,2,160,932),
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involved either too long a time, e.g. from example !• •••
o•• leave for 3 months, or used a complex catalyst system, 
eog* from example 3. ...... to the mixture of the monomers
was added f^Q each of "benzoyl peroxide, tetraethyl lead 
and chloroacetyl chloride,, In practice another method,
(Doak, J ,Amer.Chem.Soc. s I9I4.8,70,1325.) ? was used in a modified 
form, Vinylidene chloride and st^rrene were both washed 
with N.' sodium hydroxide to remove inhibitors; thymol and 
phenol respectively. Two copolymerisations were carried out; 
one with the monomers in ratio of styrene:vinylidene 
chloride of 2 mols si, the other in ratio of 3s1, The 
copoljrmerisations, initiated with \ mol % benzoyl peroxide, 
were carried out in sealed glass tubes at U5°. The higher 
yield was obtained from the 2s1 mixture on dissolving the 
products in carbon tetrachloride and precipitating into 
methanol. This copolymer was used in all oxidations.
Analysis of it for chlorine showed that the monomers were 
present in ratio of styrenesvinylidene chloride of about 
5 s i.
Of the many methods available for oxidation, 
those using concentrated nitric acid or sulphuric acid 
were found to be unsuitable since, on heating, nitration 
or sulphonation probably occurred. Alkaline potassium 
permanganate and sodium hypobromite were found not to 
attack the copolymer appreciably. In both oxidations
76o
excess alkali was used to facilitate the hydrolysis prior to 
oxidation. Both potassium permanganate and bromine were 
used in 25$ excess. A difficulty experienced in these 
oxidations was the tendency of the copolymer to climb the 
side of the reaction vessel, forming a solid ring. The 
copolymer recovered from the hypobromite oxidation was found 
to weigh more than the initial weight taken. However, 
many washings with hot water showed the excess weight was 
due to absorbed bromide, the washings giving bromine with 
concentrated nitric acid. A portion of the oxidation 
medium was boiled with concentrated nitric acid until no 
further bromine was liberated and then tested with silver 
nitrate. No precipitate was obtained, indicating the 
absence of chloride,* i.e. neither hydrolysis nor 
substitution of the chlorine atoms in the copolymer had 
occurred.
An oxidation with very strong caustic potash and 
potassium permanganate, (Kenyon and Symons,J.Chem.Soc.,
1953,2129), was tried. 'While it sucessfully attacked the 
copolymer, it was also efficient in oxidising the products, 
whence in this case no products other than the recovered 
copolymer were obtained*
An oxidation carried out using glacial acetic acid 
- chromic anhydride mixture proved more sucessful. During 
the 36 hour heating of the mixture, the copolymer tended
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to aggregate on the stirrer and it was necessary to remove 
the aggregate periodically and crush it. On completion 
of the treatment, reduction in hulk of the mother liquor 
and Neutralisation with ammonia were carried out. The 
subsequent reacidification was carried out with 10 N. 
sulphuric acid. Excess chromic anhydride was reduced with 
sulphur dioxide. A benzene extraction was carried out and 
from the extract was obtained a solid, which gave on 
sublimation mandelic acid.
To determine whence the mandelic acid had come, 
the oxidation was repeated using equivalent amounts of 
styrene monomer, polystyrene and the copolymer. However, 
in each case the recovered acid was found to be benzoic 
acid. Again, it would appear that the copolymer is rather 
more difficult to oxidise than are the products of 
oxidation, and there appeared no prospect of degradation 
to dicarboxylic acids useful in the determination of 
steric structure.
FITMARYL CHLORIDE - STYRENE COPOLYMER.
It is known that the copolymers of styrene and 
fumaric esters and nitrides are almost completely alternating 
whereas the copolymers of styrene and the corresponding maleic 
esters and nitrile alternate much less regularly* An 
explanation of this phenomenum has heen made hy Lewis and 
Mayo? (J»Amer* Chem -S'bc*. 1948?70?1533) ? and Lewis, Mayo and 
Walling,(biss .Faraday Soc.,1947?2,285*), who ascribe the ' 
difference in reactivities of the maleates and fumarates 
to the greater ability of the furnarates to form resonance 
structures, In the furnarates, either or both ester groups 
have the capacity to be coplanar with the ethylenic double 
bond. In the maleates, this cannot occur as the ester groups 
tend to steric hinder each other thus preventing cither 
becoming coplanar with the ethylenic double bond.
A study of the stereochemistry of the copolymer 
chain resulting from a fumaric compound and styrene indicates 
that the resultant copolymer main chain is not capable of 
existing in optically active forms where as the 1:1 maleic 
compound and styrene copolymers can do so. The derivation 
of chains for both 1:1 copolymers from cis or trans XHC = CHX 
with CHgCHA has been dealt with earlier, (page 44 A 45). 
Although the chains derived for the trans monomer possess 
no local planes of symmetry, examination of non-terminal 
sections of enantiomers show then to be identical * Thus
19°
one would not expect them to he optically active.
However, for comparision with a corresponding 
maleic copolymer, it was decided to prepare a fumaric 
copolymer which would undergo similar reactions to maleic 
anhydride-styrene copolymer. To this end, fumaryl chloride- 
styrene copolymer was chosen. It was intended to prepare 
from this the half ester copolymer where esterification had 
heen carried out with an optically active carbinol.'
The copolymerisation was carried out according 
to the method of Haas and Simon, (J.Polymer Sci., 1952, 
9*309.); equimolecular proportions of the monomers were 
placed in rubber-stoppered tubes without initiator and 
allowed to stand at 25°. A yellow colouration was obtained 
on mixing the monomers. The original preparation did not 
specify copolymerisation time. The copolymerisation 
was allowed to proceed for U days. A hard yellow block 
was obtained which was insoluble in benzene the solvent used 
Haas and Simon.. On heating the copolymer with benzene 
it swelled. On pouring the benzene solution into hexane, 
only a little precipitate was obtained. The gel was 
partially soluble in acetone giving a red solution. .This 
was divided into two parts and subsequently each was 
poured into hexane resulting in the precipitation of the 
copolymer. One precipitate was kept under hexane, but on 
standing gave off an acid gas, (probably HCl). The other
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precipitate was subjected to alkaline hydrolysis and the 
chloride was determined in the aqueous phase by Volhards 
method. The found value, (h*6%)9 was much lower than the 
value calculated for the 1:1 copolymer, (27«7%). It was 
assumed that during the copolymerisation cross-linking 
between chains had occurred with the possible elimination 
of hydrogen chloride. The fact that swelling occurred in 
benzene and the copolymer was only partially soluble in 
acetone seems to substantiate this.
Variation of length of copolymerisation - time did 
not yield suitable specimens, either hard insoluble blocks 
or soft glutinous lumps were obtained. Change of solvent 
proved equally unsucessful.
As an alternative approach it was decided to 
attempt the preparation of ( + )- 1.3*dimethyIbutyl hydrogen 
fumarate from the alc.ohol and fumaryl chloride and then to 
copolymerise it with styrene. It was considered that the 
presence of a secondary alcohol group in the fumarate 
would not radically alter the degree of alternation in the 
chain. It was found in the esterification that pyridine 
could not be used owing to the very rapid breakdown of the 
reactants to a black tarry mass similar to that obtained 
when maleic anhydride and pyridine are mixed. No explanation 
for this can be offered.
Since it was found that the half fiimarates of .
secondary alcohols are unstable at -elevated temperatures, it 
was decided to prepare a mixed ester of fumaric acid. As 
the second alkyl group, methyl was chosen. The presence 
this group was considered not to radically alter the reactivity 
ratios as it is of like size to the chloride atom it replaces.
The method of Lutz, (J.Amer.Chem.Soc.,1930,52,3U23»), 
was used to prepare the acid chloride of the methyl hydrogen 
ester of fumaric acid. Methanol was dried using the magnesium 
method then added in benzene solution to well-stirred 
fumaryl chloride, exact equimolecular proportions being used . 
Distillation yielded the acid chloride in higher yield 
(79*5%)9 than Lutz, (53*6^), obtained.
With pyridine, this acid chloride immediately 
gave a tarry mass. An esterification with 1.3-dimethyl- 
butanol, following Lutz's proceedure, was attempted. After 
the addition of the carbinol in benzene solution, the 
mixture was heated under reflux for one hour and then 
allowed to stand overnight. On distillation a white 
sublimate was collected in the-condenser and identified 
as dimethyl fumarate. This series of experiments was - 
abandoned.
INDUCTION OF A STERIC REARRANGEMENT BY PROTOTROPY
IN POLYACRYLONITRILE ,
Attempts have heen made to induce steric regularity 
and hence crystallinity, in a chain of polyacrylonitrile 
using the slightly acidic nature of a hydrogen atom in the 
a position to a nitrile group,
H H CN H
f 1 i i
- CHo - CH - CHo - CH - CH„ - CH - 0Ho - CH - 
I ' 2 I 2 |
CN CN H CN
The configuration of any ^CHCN group may he
inverted hy the removal of a proton hy a hase- and' its
replacement hy the conjugate acid of the hase, If either
the isotactic or syndiotactic configuration of the polymer
can enter a crystalline lattice of lower energy than the
atactic amorphous polymer* then treatment with a hase may
catalyse crystallisation hy inversion at the appropriate
CHCN group leading to the required configuration,
Polyacrylonitrile was prepared hy the method of
Bacon* (Trans,Faraday Soc,* 1946*42*141.)v The polymerisation
was initiated hy means of a redox system of sodium
metahisulphite and potassium persulphate and carried out
in an aqueous medium. The free radical results from the
following reaction;-
s2°8~ + hso3 “ -- * hso4 + ~s°4° + S05.
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Since the reaction is carried out in aqueous medium a 
further free radical is formed as a result of the following 
reaction;-
h2° + SCV  ----* HS04 + • OH
To lower the induction time for the polymerisation*
oxygen dissolved in the water was removed hy the hrisk
passage of a stream of nitrogen before the addition of the
reagents. During the polymerisation the nitrogen stream
was kept at one bubble per second. For maximum
effectiveness of the redox system* the temperature of the
mixture was kept at 30° + 0,5° during the polymerisation.
The polymer separated as a white precipitate.
The steric rearrangement was attempted with two
bases, pyridine and triethylamine* The polymer* (2.5g,'),
was placed in a sealed glass tube with the hase, (10ml,),
Each attempt was carried out under two sets of conditions;
either at 25° for 16 days or 80° for 4 days.
No change was observed in the triethylamine
specimens other than that they became yellow in colour.
With pyridine* however* the polymer looked crystalline and
became fluorescent. It appeared blue to transmitted light
and yellow to reflected light. Examination of the polymer
with or without pyridine, under a polarising microscope
indicated no regions of crystallinity and no appreciable
difference in the samples. This observation was confirmed
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by power diagrams obtained from X-ray crystallographical 
analysis, A single halo, characteristic of an amorphous 
polymer, was obtained at d = 5«2A„
EXPERIMENTAL.
STYRENE - MALEIC ANHYDRIDE COPOLYMER.
FILMS AND FIBRES.
EXPERIMENTAL,
Purification of Reagents.
Styrene, It was washed thrico with N. sodium hydroxide.
This was followed hy three washings with water. After 
being dried with anhydrous sodium sulphate, it was distilled 
under nitrogen afc reduced pressure and had b .p.76o/70mm.
Maleic anhydride. After two recrystallisations from 
chloroform, it was distilled under reduced pressure and 
had b,p. 83 - 88°/l8mm,
Benzoyl peroxide was used as supplied.
Acetone, It was refluxed with potassium permanganate and 
then distilled, (b.p. 36°), The distillate was kept over 
anhydrous potassium carbonate.
Benzene. Thiophene present was removed by twice washing 
portions, (1 litre), with concentrated sulphuric acid, (150ml). 
The acid washing was followed by washing twice with water, 
with sodium carbonate solution and water again. After 
drying, (CaC^)? the benzene was distilled, (b.p, 80 - 81°). 
Methanol It was redistilled before use and had b.p. 64° 
Preparation of the copolymer.
Method 1, Stoops and Staff, U,S,Patent 2,375*960.
Styrene, (l0.31g), maleic anhydride, (9*7g), 
benzoyl peroxide, (0.49g), and acetone, (50ml), were
87
(Treated under reflux for six hours, The copolymer was 
obtained hy pouring the reaction mixture into methanol 
and filtering off the white precipitate formed.
Method 2. Wiley, Ind.Eng.Chem.»19U8»38»959 - 960.
Styrene, (I0.31g), maleic anhydride, (9*7g)> 
benzoyl peroxide, (O.JWg), and thiophene-free benzene, 
(250ml), were heated under reflux for one hour# The 
copolymer separated as a white solid which was filtered off 
and air dried*
Analysis of copolymer 1
An acetone solution of the copolymer was 
filtered through a glass sintered disc into methanol.
The white precipitate was filtered off and washed with', 
methanol and dried ct the pump for one hour. On drying at 
110°, a hard glassy mass was obtained. This was redissolved
in acetone and the precipitation proceedure repeated.
(
The precipitate was filtered off and allowed to air dry 
overnight before being dried to constant weight at 110°.
The product was a hard white solid which when crushed was 
found to comprise a white outetf layer and a glassy interior. 
The whole was crushed; it had m.p. 296 - 300°.
Analysis. Pound C 6 6 .3 6, H 5.86, whence 0 = 27.78 
Calc, for 1:1 styrene: maleic anhydride, C12H10°3 
C. 71.72, H, I*. 93.
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for partial hydration, . (C-^ 2^ rp^i-r0 x H2° 
where x = 0oi|226 Ca66*85/£s H„5*39/b
for partial methylation? (^'i2^10^S^l a y CH^ O
Where y =0.5331 C,66.U|$ H,6.I0g
From these considerations, it would appear that 
the anhydride ring had undergone partial hydrolysis and/or 
partial methylation during the precipitation.
Analysis of copolymer 2„
For the copolymer as prepared;
Found • G, 70»30fi H, 5.17/
Calc, for 1;1 styrenejmaleic anhydride,
C, 71.214./ H, 5.93/
Copolymer h  
Films,
Films were made hy allowing acetone solution, (5ml),of 
known strength to evaporate on clean mercury siirfaces, . The 
following solutions were used;-
Solution 1 6g of copolymer in 25 .ml of acetone
?! n 3 o'o ft H ?!
If 3 ■l-5g ft u 15
H b Ch75g ?! tf ?!
The films resulting from 2, 3?and i+ were sent for physical 
studies„
Fibres :
A fibre-was obtained from a solution of the... ■■■•-""
AOU y 9
copolymer, (8g), in acetone, (20ml), "by drawing this 
solution from a jet immersed in methanol.
Some of the fibre was sent with the films for 
examination.
Report (from Dr. Bunn, Plastics Division.).
Examination of "both fibre and film produced no 
evidence of crystallinity, either "before or after annealing 
at 120° for several hours. The amorphous pattern resembled
that of amorphous polystyrene, 
the spacing of the second amorphous 
I ring of the copolymer, ij-. i± A, is
> * J| slightly less than that of
i
I polystyrene, U.7 A, (see Plate 1).
Prom the I.R. absorption
‘ studies, it was not possible to
Plate 1.
ascertain whether there were any
✓
sections of isotactic polystyrene present because of the 
interference in the absorption pattern caused by the large 
number of maleic anhydride units present. The pattern, 
however, is quite consistent with that of ordinary non­
isotactic polystyrene.
Copolymer 2.
Attempts to produce a fibre in a manner already 
described proved unsucessful, even when more concentrated 
solution were used. When one of these solutions was allowed
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to leak into methanol, a thick macrofil was obtained.
This, on being stretched, showed a degree of decking down’. 
Further macrofil was prepared using a solution of the 
copolymer, (8g), in acetone, (lOml), A number of ’necked* 
specimens were obtained from the macrofil produced, the 
best being obtained by stretching the macrofil while it 
was still moist with methanol.
Examination of the 
oriented portion under a polarising 
microscope, showed it to give rise 
to prismatic colours. These were 
at a maximum when the fibre was 
placed at 1+5° between crossed Nicols. 
An X-ray photograph of the oriented 
portion gave no evidence of 
crystallinity. The pattern produced 
was similar to polystyrene, the spacing of the second 
amorphous ring, U.I4. A, is slightly less than that of 
polystyrene, (see Plate 2,)*
Alternative precipitating media-
To eliminate the chance of hydrolysis or 
esterification, an alternative precipitating medium was 
sought. It was found that the copolymer could be 
precipitated from acetone solution by pouring into light 
petroleum, (b.p, UO-6O0, and b.p. 60-80°), heptane or
' 91*
Plate 2. •
methylene chloride. In the latter case, the copolymer 
floated on the surface of the precipitant.
Fibre and macrofil preparation.
Attempts to produce fibre by use of alternative 
precipitating media proved unsucessful. The macrofil 
produced, tended to be brittle and no necked specimens were 
produced. However, a fibre was made by allowing drops of 
Q  Z5* a Yery concentrated' acetone solution to
f //-
 ^* fall with more acetone several feet through
if air using the system sketched in figure 3*
An X-ray photograph of this fibre was similar
figure 3»
to those already produced.
THE PARTIAL ESTERIPIOATION OP STYRENE - MALEIC
ANHYDRIDE COPOLYMER AND THE ATTEMPTED ASYMMETRIC
TRANSFORMATION.
EXPERIMENTAL 
Purification of reagents
Styrene was thrice washed with N. sodium hydroxide and thrice 
with water* After drying, (NagSO^), it was distilled under 
nitrogen at reduced pressure; it had b.p. 6U°/44mm.
Maleic anhydride was recrystallized twice from chloroform 
before distillation; it had b.p. 8U°/l00mm*
Pyridine was dried over and distilled from caustic potash and 
had b.p. 115 - 116°.
Methanol, (b.p. 6I|.0), and benzene, (b.p. 80°, thiophene - 
free), were distilled before use.
Preparation of styrene - maleic anhydride copolymer.
Methods- 'Wiley, Ind.Eng.Chem.,1946,38,959-960.
The copolymer was prepared by heating together 
equimolar proportions of styrene, (99.1g.),'and maleic 
anhydride, (95*0g.), at 80° for one hour in thiophene - free 
benzene, (2500ml.), Benzoyl peroxide, (l.29g.), was used 
as initiator. A white precipitate separated which was 
filtered off and dried, (yield, 190g.). A sample for analysis 
was washed three times with benzene and dried over paraffin 
wax. Pound; C, 70.52; H, 5*36. Calcd; for 1:1 copolymer 
C, 71.3k; H, ko93*
93.
Preparation of the methyl hydrogen ester of styrene 
maleic anhydride copolymer,
A mixture of the anhydride copolymer* (50g.), 
pyridine* (i+Oml), and methanol, (500ml)* was heated for one 
hour on a heating mantle so that the golden solution formed 
did not reflux. After cooling, the solution was run into 
a stirred mixture of N, hydrochloric acid, (1500mlo)* and 
ice. The ester was precipitated, filtered off* washed 
with N, hydrochloric acid and water, dried and crushed. 
Equivalent weight of the esterified copolymer,
Method:- Bamford and Barb, Diss.Taraday Soc,,1953?1U»208, 
which is hased on a paper by Pritz and Lisicki* Anal.Chem., 
1951,23,589.
A standard solution of sodium methoxide was 
prepared in the following ways-
Sodium,(3g), was washed in methanol and immediately 
dissolved in methanol, (50ml,). The solution was protected 
from carbon dioxide while the sodium dissolved. It was 
found necessary to cool the flask in water. When the sodium 
had dissolved, more methanol, (75ml.)* and benzene* (750ml.), 
were added. The resulting solution was stored in a pyrex 
flask.
A number of acids were titrated with this solution. 
Weighed amounts of the acids were dissolved in acetone and 
titrated to a Thymol Blue end-point.
9k
Benzoic acid,' taken as a standard, gave normality;-
0.1081 N,
Acid
Equivalent We ight
Adipic
Acid
Pound Calculated
(2, k9 .
73*08
72,88
73.07
Mandelic
Acid
151*7
151.2-
152.U
Methyl hydrogen copolymer
The copolymer was dissolved .in acetone* (25ml,),- 
methanol* (10ml.), mixture• During the titration a 
precipitate was formed which obscured the end - point. It 
was taken when the colour change* (yellow to blue), persisted 
for one minute.
Equivalent-weights found; 252.2, and 228.5= 
Neutralised methanol was then used alone as solvent. 
Restandardisation of the sodium/methoxide solution was made 
with benzoic; acid dissolved in methanol and was found to be 
unchanged.
Equivalent weight of copolymer
Pound 217»0 223*3 Calculated 23k
218,5 219,3
220.9 222.3
No precipitate was formed in these titrations.
preparation of styrene-malcic • acid copolymer,
Portions, (lg.), of the anhydride copolymer'were
digested with N/2 sodium hydroxide, (10ml.), one for !■§• hours
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the other for three hours* The addition of water was 
necessary for a solution to he formed* On acidifying the 
solution* a white suspension was formed which aggregated 
on warming* This was filtered off, washed and dried in a 
vacuum desiccator* After drying* hoth samples changed from 
a white solid to a glassy one* Equivalent weights were 
determined hut the end - points were poor*
Equivalent weights
Eor 3 hour preparation* Pound; 136.2
152.5
For lj hour preparation. Found; 133*6
11+6*2
Calculated for 1;1 copolymer; 110 
Preparation of the hruclne salt of methyl hydrogen ester 
of styrene - maleic acid copolymer.
The copolymer* (3#75g)> was dissolved in hot 
acetone to give a cloudy solution* Brucine, (6*2g), was 
added to the solution and immediately a white suspension 
was obtained* This persisted after being heated under 
reflux for hour* More acetone was added and the mixture 
left overnight* The solid was then filtered off. The filtrate 
was allowed to stand and needle clusters were obtained.
Some of these were shaken with N* hydrochloric acid, (50ml), 
and ice* (lOg), for •§• hour* Solid was obtained which was 
filtered off, washed and then ground several times with N. 
hydrochloric acid; with filtering and washing with water
96.
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between each g&iiiding. This solid had “ °» (i?2S
c,l+*9970)*
The experiment was repeated with the following 
differences;
a) The copolymer, (4g), was dissolved in a mixture of 
acetone, (50ml), and methanol, (lOml).
b) Hot solutions of the copolymer and brucine in acetone 
were mixed* A white precipitate was immediately obtained*
The observed rotation was again zero*
Preparation of the cinchonidine salt of the methyl hydrogen
ester of styrene - maleic acid copolymer*
A hot solution of cinchonidine, (5*9g)? in 96%
ethanol, (75ml)? was added to a hot solution of the
copolymer, (i+g), in ethanol, (50ml). A white precipitate
was immediately formed but this dissolved on heating under
reflux for one hour* The solution was chilled to 0° and
kept at that temperature for 12 hours* No solid separated.
Evaporation and removal of final traces of solvent over
paraffin wax gave a beige solid' which was crushed and shaken
with N. hydrochloric acid, (50ml), and ice* It was then
ground several times with N* hydrochloric acid until, on
filtering, the washings no longer gave a precipitate
"880 ammonia* Part, (lg), of the dried solid was dissolved
in 96% ethanol, (20ml)* A light brown solution was
obtained which was’filtered and had = -0.18° (1,2).
5893
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Preparation of the quinidine salt of the methyl hydrogen
ester of styrene - maleic acid copolymer,
A solution of quinidine, (5«Ug)? in methanol,, (lli-Oml), 
was added to a solution of the copolymer, {kg)* in 
methanol, (50ml), Immediately a white precipitate was * 
formed. This slowly dissolved on heating the mixture under 
reflux; part, (0„9g), however did not. The liquid* was <> 
decanted from the undissolved solid, reduced to half hulk, 
chilled to 0° and kept- at" this' temperature fhr k ftays*
White solid was obtained which was filtered off and shaken 
with N. sulphuric acid, (50ml), and ice for one hour.
The undissolved solid was filtered off and dried. It had
a?o = + 0,05° (i?2; £>0,5995,)> in methanol,5893
The mother liquor was again reduced to half hulk 
and chilled; a little more solid was obtained. On further 
concentration and chilling in a ice-salt bath, a white gum 
separated. This was dried over paraffin wax and then crushed. 
It, (3,23g), was then shaken with N. sulphuric acid. It 
was considered that this treatment would be sufficent to 
remove the quinidine. No test for the presence of 
quinidine was performed as none of sufficent sensitivity, 
could be found,
OR
The residual solid, in methanol, had a J = zero
5893
98,
Preparation^.
The previous experiment was repeated* Hot methanolic 
solutions of the copolymer and quinidine were mixed, a 
precipitate immediately formed. A greater amount, (U.Og), 
was insoluble in the boiling solvent than in the previous 
preparation. This precipitate was separated, dried, 
crushed, shaken with N. sulphuric acid, (50ml), and ice and 
then ground three times with N. sulphuric acid. After
2C Q
being washed and dried, it had, in methanol, a,.?,.- = + 1.35 •
(l,2;c,5*)• It was necessary to filter the solution before
the rotation could be taken.
The mother liquor was concentrated to half bulk
and chilled to 0°. Some solid separated which was
filtered off and shaken with N. sulphuric acid, (25ml).
A little solid, (0.2g), remained undissolved. Further
concentration of the mother liquor and chilling yielded
a light brown gum, which after treatment with N. sulphuric
acid gave a solid,(0.68g), which had a/z% = + 0.29°,
5893
(i* £> 3.U) 9 in methanol.
Preparation 3«
The preparation was again repeated. Part, (2.5g)?
of the undissolved precipitate, (7»9g)* was shaken with
N. sulphuric acid and ice for one hour. After being
filtered and washed, part, (lg), was dissolved, while still
25 o
moist, in methanol, (20ml), and had a = + 1.26 , (1,2).
5893 “
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The remainder of the acid-treated solid was ground four
times with IT. sulphuric acid. After being washed and dried,
the residue was tested for the presence of quinidine with
chlorine water and ammonia, (B.Pharm., 19U8,W-U )« A
negative result was obtained. The whole of the moist solid
(0.5g), was dissolved in methanol, (20ml), and the solution
had a25 = + 0.93, (1,2.).
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Ultraviolet light examination of quinidine and other solutions.
It was found that solutions of quinidine fluoresced 
in the presence of ultraviolet light. Under the same 
conditions sulphuric acid, water, methanol and a methanolic 
solution of the methyl hydrogen ester of styrene-maleic 
acid copolymer were found not to fluoresce. Solutions of 
the copolymers which had been subjected to treatment with 
quinidine and then with acid (above), were examined in 
ultraviolet light and found to fluoresce.
Preparation h.
A hot solution of quinidine, (5° -^g)s in methanol(.lLj.Oml ’•
was added to the copolymer, (ii-g), in methanol, (50ml). A
white precipitate was formed immediately. After heating
under reflux for 1-J- hours, the precipitate become clear and
very viscous. The solution was decanted and the viscous
precipitate allowed to solidify to give a slightly yellow
glass, (5g)s which was crushed, twice shaken for one hour
with IT. sulphuric acid, (50ml), and ice, ground four times
100.
with more N. sulphuric acid and washed with water. A 
yellow granular solid was obtained which was dried over 
calcium chloride before being used in rotation measurements.
For comparison, two solutions of quinidine, (0.2g), 
were made up in methanol, (20ml), containing glacial 
acetic acid, (0.2ml), equivalent to one gram of methyl 
hydrogen ester of styrene-maleic acid copolymer,
a). Polymer solution,(in methanol).
25.1
a = + 1.62°, (l,2;c,5.005)
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b). Quinidine solutions
25.1
(i) a * = + 5.54°, (l,2;c,1.007.)
5893
25.1
(li) a = + 5.1+9°, (l,2;c,1.005.)
5893
25.1
Average a = + 5*51
5893
25.1
Whence [a] = + 271}.. 0°
5893 — ----
Hence for a rotation of + 1.62°. the concentration of
quinidine per 100 ml of solvent = 0.2957g.
Thus weight in 20ml of copolymer solution = !0,059lUg.
0.0591U x 28 x 100
% Nitrogen in the copolymer = - —— a . 0.51%
1001 x 321}.
The polymer was analysed for N. Founds N (i) 0.3U%
(ii) 0.35%
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OPTICAI/Iff ACTIVE HALF ESTER OF STYRENE - 
MALEIC MHYDRIDE COPOLYMER.
EXPERIMENTAL.
1. Esterification of styrene ~ maleic anhydride copolymer.
(i)» Preparation of styrene - maleic anhydride conolvmer.
The copolymer was prepared hy the method of Wiley,
(Ind.Eng.Chem., 1946,3^3,959-960.), as described earlier*
(ii). Purification of reagents.
(a) 1*3®dimethylbutyl alcohol, (methyl isobutyl carbinol). 
The commercial carbinol was dried, (K^CO^), and 
distilled through a six inch fractionating column; it 
distilled almost completely at 130 - 131°.
0>). Pyridine.
Pyridine was dried over and distilled from 
potassium hydroxide pellets; and had b.p, 115 - 116°.
(iii). Esterification of the copolymer*
The copolymer, (5g), was dissolved in pyridine,
/ - 
(40ml), and to this hot stirred solution, the carbinol(7*4ml)
was added* The snxture was-.heated for 30 hours at 90°.
During this time the solution changed from colourless to
golden. On pouring the solution into N. hydrochloric acid
(l litre), brown plastic lumps were obtained. These were
dissolved in acetone and reprecipitated in N/2 hydrochloric
acid. light brown precipitate was obtained; it was dried
over phosphorus pentoxide.
1 0 2 .
Equivalent weight determinations were carried out
by a modification of the method of Bamford and Barb* (Diss.
Paraday Soc.* 1953?1U,208.), The proceedure has been described
earlier* (page 9U» ). Weighed portions of the copolymer
were dissolved in neutralised methanol and titrated to
Thymol Blue end-point with standard sodium methoxide,
Equivalent weight; Pound: 2iji+-2 Calculated: 302+
22+1,2
2. Preparation of 1.3»dimethylbutyl hydrogen maleate.
Equimolecular portions of maleic anhydride* (U*9g)*
and 1.3«dimethylbutanol* (5*lg)j were heated together for
8 hours at 80°. A clear viscous liquid was obtained but
onpouring it into a distilling flask, a white solid
settled out. Distillation yielded a white sublimate* (m.p.
51.5°)* and a clear liquid* (b.p. 116 - 118°/3mm; 3g).
An equivalent weight determination was carried out on the
liquid fraction using sodium hydroxide and phenolphthalein.
Prep. I. Prep. 2.
Pound 199*0 200*7
199*2+ 200.9
Calculated 200
Refractive Index
25
n 1.U535 1.U529
D
3• Preparation of 1.3°dimethylbutyl hydrogen maleate - 
styrene copolymer.
Equimolecular portions of ester, (2,U8g), and
103.
styrene* (l.27g), were copolymerised using-"benzoyl peroxide 
(Q.lg), as initiator at 80° for 2+ days in a sealed tube.
The resulting block was dissolved in acetone and the 
copolymer was precipitated on pouring the solution into 
water. The white copolymer was dried over phosphorus 
pentoxide and equivalent weights determined in neutralised 
methanol to Thymol Blue end-point with sodium methoxide.
Pounds 322.b; 327.1 
This result requires a copolymer of composition styrene s 
half ester of 1,2 s 1.
Alternative method of preparation of the half ester.
To eliminate losses through dismutation during 
distillation, the reaction product was dissolved in N/2+ 
sodium hydroxide and extracted with ether. The aqueous 
layer was acidified to Congo Red with dilute hydrochloric 
acid. The yellow oil which settled out was dissolved in 
the minimum of ether and washed with water. After drying, 
(Na2S0^;,the solvent was removed and the equivalent weight 
of the residue determined with sodium hydroxide and 
phenolphthalein. Attempts to distil the residue proved 
unsucessful as dismutation occurred.
Equivalent weights Pounds 220,6 and 219.6
Calculated: 200
This method was not proceeded with.
5. Resolution of 1.3°dimethylbut,ginol
Method of Strauss* M.Sc. Thesis, London.)
A mixture of l,3*dimethylhutanol, (I12g), phthalic 
anhydride* (l63g), and pyridine* (88g), was heated on a 
steam hath until it became homogenous. Next day the 
resultant oil was dissolved in acetone* (300ml)* and mixed 
with dilute hydrochloric acid, (ll+Oml of concentrated 
hydrochloric acid and ll+Oml of ice and water), the whole 
being well stirred. The solution Y/as then diluted with 
ice and water, (3 - U litres), until the oily hydrogen 
phthalate was completely precipitated. The mixture was set 
aside for 2 days with occasional stirring; during which 
time the aqueous layer was twice decanted and replaced with 
water to which hydrochloric acid had been added. The oil 
was dissolved in aqueous sodium carbonate, and the solution 
extracted with ether to remove a little unesterified 
carbinol. The aqueous layer was acidified with hydrochloric 
acid, and the liberated acid extracted with ether. The 
ethereal extract was washed 12 times with dilute 
hydrochloric acid to ensure complete removal of pyridine.
Evaporation of the dried ethereal solution yielded 
(*^)-1.3.dimethylbutyl hydrogen phthalate, (230g), as an 
oil which set to a hard crystalline mass when inoculated.
Brucine, (39Ug)? was added quickly to a hot . 
solution of the (+)-ester, (250g) in acetone, (3.1 litres).
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On cooling, a crop of crystalline brucine salt readily 
separated. After two recrystallisations from acetone a 
crop of optically pure brucine salt of (+)-1.3.dimethyl- 
butyl hydrogen phthalate, (l66g), was obtained. It had 
m.p. 167-168°,
The brucine salt, (l66g), was decomposed by 
adding it to a mixture of acetone, (350ml), water, (200ml), 
and concentrated hydrochloric acid, (55nil). The resulting 
product was diluted with water, (3 litres), whereupon the 
brucine hydrochloride dissolved and the acid ester 
separated as an oil. This, (UOg), was extracted with ether, 
and, on removal of the solvent and scratching, it solidified.
It was too soluble for recrystallisation, and had
^^5893 = + (l.92;c,5*00; in chloroform).
Evaporation of the acetone mother liquor yielded 
the partially active brucine salt of (-)-l,3.dimethylbutyl 
hydrogen phthalate, (AOOg), This was broken down to the 
hydrogen phthalate in a manner already described above,
(+ )-l,3odimethylbutyl hydrogen phthalate, (i+Og), 
was dissolved in a warm solution of potassium hydroxide,
(23g)? in water, (100ml), and steam-distilled. Sodium 
chloride was added to the steam-distillate. The carbinol 
which separated was x»emoved and the aqueous layer extracted 
thrice with ether. The carbinol and the ethereal extracts
were combined* dried* (KgCO^), the ether evaporated and
the (+)-l*3»dimethylbutanol distilled under reduced
pressure; it had b*p* 63 - 6k°/k5w.m<>
21^*5 n
a = + QokO , (l?°»5
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(-)-l*3.dimethyrbutanol* (partially active)* was obtained
in a manner similar to that already described for the
2 5*5
( + )-carbinol* B*p* 6l|°A2mm* a = - 3.57°* (1,0.5).
5893
A second resolution was carried out which yielded 
(+)— carbinol; it had:-
25*1 7
a = + 8*36°* (1*0*5; l8*0g)
58 93,
Preparation of (+)-l*3ohimethylbutyl hydrogen maleate*
Attempts to prepare the half-ester by the method 
sucessfU'lly used with the racemic carbinol* proved unsucessful 
because in no case was the ester sucessfully distilled; 
dismutation occurring each time. The preparation was 
repeated and the. reaction product wan used uncfistiIIexi.
Equimolecular proportions of maleic anhydride* 
(freshly distilled* 119°/29mm; S.09g)* and (+)- 1*3* 
dimethylbutanol, (8A2g), were heated together for eight 
hours at 80°* A clear viscous liquid was' obtained and 
had the following properties:
Prop 1* Prep.2*
Equivalent weight by 189*5 189*6
KaOfi/phenolphthalein* 190*9 191*7
107.
Prep 1 Prep 2
a
5893 
25
n 10Lj.66 1.U66
D
Preparationtof (+)-!.3.dimethylbutyl hydrogen maleate - 
styrene copolymer.
(l5g), and styrene/ (7*7g), ?/ere copolymerised in sealed 
glass tubes at 80° for 1+ days with benzoyl peroxide, (0.09g), 
as initiator. The "blocks obtained were dissolved in 
acetone and precipitated into water.
The white copolymers were filtered off, washed with water 
and dried over calcium chloride. They were then shaken 
with benzene, (l+OOml), for one hour, filtered and dried 
over phosphorus pentoxide and paraffin wax. Yield of each 
copolymer,0 17g. In the following work, the copolymer 
resulting from acid ester 1 will he called copolymer 1, 
and that from acid ester 2, copolymer 2,
Equivalent weights were found in methanol solution 
by the method of Bamford and Barb,
Copolymer 1 Copolymer 2
Two equimolecular proportions of the acid ester
Pound 309.6 
309 ok
305.3
305.9
Analysis for C & H C
H
72, k9 
7.78
72.21
7.68
108,
For styrene^ - acid ester^ ^  , C = 72*31$ and 
H = 7*31$; whence equivalent weight, (calcd), 32l+»2*
8*Solubilities of the copolymer in various solvents.
It was found that portions, (lg), of the copolymer 
were insoluble in N/2 sodium hydroxide, N/2 potassium 
hydroxide and N* ammonium hydroxide, (20ml of each),, It, 
(0*2g), was found to he soluble in the following, (fpal), 
in the cold; methanol, dioxan, ethyl acetate, pyridine 
glacial acetic acid, dimethylformamide and a-picoline* It 
was also soluble in chloroform on standing,
9* Optical rotatory dispersions in various solvents, 
a)* Purification of solvents,
i. Ethyl acetate, (500ml), was heated under reflux with 
acetic anhydride, (50ml), and concentrated sulphuric acid, 
(5 drops), and then distilled* The distillate was shaken 
with potassium carbonate and again distilled, (b*p* 77°)* 
ii* Glacial acetic acid was distilled, (b*p* 118°), then 
frozen and allowed to melt* When about half had melted, 
the liquid was decanted* The remainder was allowed to 
melt, it'was then refrozen, and the melting proceedure 
repeated*
iii* Pyridine was heated under reflux with caustic 
potash for several hours before distillation, (b*p* 115°), 
The distillate was kept over caustic potash*
iv* a-Picoline was distilled through a 6 inch Vigreaux
109*
001111111). and had b,p,. 128 - 129°,
v. Methanol was dried by the magnesium method and had b,p.61+°.
vi, Acetone was heated under reflux with p<Dtassium 
permanganate for 8 hours and then distilled.. It was 
redistilled from potassium carbonate and had b.p, 58°.
)* Dispersions.
All measurements were made at 25°; (l>2;c,5)«
Solutions were difficult to see through and the accuracy 
of lines other than sodium is not high.
Copolymer 1, Copolymer 2. j
Wavelength
Solvent~’~—^-
Na
5893
Hg
5U61
Cd
5086
Na
5893
Hg
51+61
Cd
5086
Ethyl
Acetate
+o 4 b +0, 5I+ +OJ67 +0,1+7 +0.57 +0.67.
Acetone +0.1+9 + 0 ,1+6 +0.1+7 +0 ,1+8 +0 .1+2 +0 01+12
Acetic
Acid
+o. 51+ +0.53 +0,59 +0.51+ +0.53 +0.59
Methanol +0.39 +0.1+1 ' +0.63 +0.36 +0.1+5 +0.62
Pyridine +0,12 +0.08 +0.07 +0.12 +0 e 0l+ -
a-Picoline +0.17 - - +0.13 - -
10,Viscosity measurements.
The flow-times of 0,5% solutions of the copolymers 
in ethyl acetate and in pyridine were found at 25° in a 
No, 1 Ostwald viscometer, taking an average of from 1+ to 
6 readings. This was repeated for the pure solvent. Prom 
these results, the intrinsic viscosity was found by means 
of the following relationships:-
Flovir-time of solution 
Flow-time of solvent
m  for)
concentration
= the relative viscosity (^1 r)
the intrinsic viscosity [■*)]
•Concentration 
of Solution
Flow-time
Solution
Flow-time
Solvent h ] 0
Copolymer 1 in 
Ethyl Acetate
t». 5025g/lOOml 145.8 127.6 0.3066
Copolymer 2 in 
Ethyl Acetate
0o5015g/l00ml 144.9 127.0 0.2943
Copolymer 1 in 
Pyridine.
0.50i+0g/l00ml 316.2 238.2 0.5630
Copolymer 2 in 
Pyridine
0.5015g/100r.l 3i2.6 238.2 0.5417
11* Hydrolyses, 
a)* Alkali-saponification*
The copolymer, (3g)? was dissolved in 36% ethanol, 
(20ml), which had "been freshly distilled from caustic 
potash, (bp.78-79°)* To this solution was added a solution 
of potassium hydroxide, (2.24g), in water, (2.5ml)* 
Immediately a white precipitate was formed which remained 
insoluble on heating under reflux for four hours. The 
whole was poured into water, (200ml), containing 
concentrated hydrochloric acid, (5ml). A solid lump and 
a little precipitate was obtained. The lump was removed 
and boiled with methanol. A clear glass was obtained after 
filtering off the lump and drying it over paraffin wax and
111*
phosphorus pentoxide, The crushed glass was found to he 
soluble in water. The aqueous solution was evaporated to 
dryness on a steam hath and the residue redissolved in 
water, (100ml). This solution was acidified with 
concentrated hydrochloric acid to litmus. A white 
gelatinous precipitate was formed which was filtered off, 
washed with water and dried over phosphorus pentoxide, The 
solid gave a turhid solution in acetone which was only slightly 
improved on filtering. However, on standing for four days 
a rotation measurement could he made; it had
25,1
a = + 0,25°$, (l,2;c,5)o
5693 ~ ~
h ). Acid hydrolysis.
The copolymer, (3«03g) was added to a mixture of 
glacial acetic acid, (20ml), concentrated sulphuric acid,
(9ml), and water, (3ml). An insoluble sticky lump formed 
on the liquid and was broken up every fhour. The mixture 
was heated on a steam hath for ten hours. During this time 
the liquid became dark brown in colour. At completion of 
the heating the mixture was poured into water, A lump was 
obtained which was off-white in colour. It was removed from 
the liquid, washed, dried, crushed, rewashed with water and 
again dried. It had
23
a = + 0,22°, (l>2;c,5; in acetone).
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STYRENE VINYLIDENE CHLORIDE COPOLYMER
Experimental
Part 1. Purification of the reagents
(i) Styrene was washed thrice with N.sodium hydroxide and’ 
thrice with water. After drying with anhydrous sodium 
sulphate, the styrene was distilled under nitrogen at reduced 
pressure and had b.p, 75°/69mm,
(ii) Vinylidene Chloride was washed thrice with N sodium 
hydroxide and thrice with water, ^fter drying with anhydrous 
sodium sulphate, the liquid was distilled and had b 0po32°,
(iii) Benzoyl Peroxide was dried in a vacuum desiccator over­
night before use,
(iv) Bengene, Methanol, Carbon Tetrachloride and Glacial 
Acetic Acid were redistilled before use and had the following
b.p.'ss- Benzene 80°, Carbon Tetrachloride 16*5°9 Methanol 6 V 5° 
Acetic Acid 113°,
Part 11. Preparation of the Copolymer
(a) Two copolymerisations were attempted with styrene and 
vinylidene chloride in molecular ratio of 2:1 and 3*.l in the 
initial reaction mixture. The copolymerisations, initiated 
with benzoyl peroxide (O5niol%), were carried out in sealed 
tubes at 1+5°• This temperature was maintained for one day 
for the 2:1 mixture and for three days with the 3:1 mixture.
The glassy products were dissolved in carbon tetrachloride 
and poured into methanol. The copolymers separated as white 
precipitates.
113.
Ratio of monomers 2:1 3;1
Styrene 17«82g 17«83g
Vinylidene Chloride 7°50g 5’OOg
0°5mol% benzoyl 0«90g 0  83g
peroxide
Yield of copolymer 15g 6d9g
In all oxidations, the copolymer prepared from the 2:1 mixture 
was used. This copolymer had mp. 166-170°, Pound C1.13°22$ 
whence percentage of vinylidene chloride in the copolymer is 
18-* Ifo and styrene is 81*9% and the empirical formula of the 
copolymer is styrene: vinylidene chloride, V 22:1,
Part 111. Oxidation of the Copolymer
(i) Action of Alkaline Potassium Permanganate on.the 
Copolymer
The copolymer (I0«3g) and sodium hydroxide (27ml of 
3N solution, whence HaOH 3*2g) were; mixed together in a two­
necked flask fitted with a stirrer# To the mixture potassium 
permanganate (7°9g) was added in small quantities. This 
mixture was then stirred and heated on a steam bath for three 
days. The copolymer, which was much lighter than the liquid, 
tended to climb the sides of the flask. When the heating 
was completed, the contents of the flask were acidified with 
sulphuric acid (10 N). Sulphur dioxide was passed until the 
contents of. the flask were colourless. A white suspension 
remained which was filtered off and washed with water. It 
was then suspended for five hours in molar sodium carbonate 
80ml). The suspension was occasionally shaken but no
I l k .
effervescence was observed and there was no apparent decrease 
in the bulk of the solid, which was finally extracted with 
carbon tetrachloride.
The alkaline layer was acidified with 10 IT* 
sulphuric acid but no precipitate was produced.
On pouring the bulk of the carbon tetrachloride 
solution into methanol, a white precipitate was obtained 
which, after washing with methanol and drying at 80°, 
weighed 8g.„ The copolymer, therefore, had not been extensively 
attacked,
(ii) Action of concentrated sulphuric acid on the copolymer.
The copolymer was soluble in concentrated sulphuric 
acid on being warmed to 1^0 - 160°, to give a dark brown 
solution. No precipitate was produced on pouring this 
solution into water; sulphonation had probably occurred.
(iii) Action of concentrated nitric acid on the copolymer.
On heating the copolymer with concentrated nitric 
acid for half an hour,at 120°, a bright yellow solid was 
obtained. It melted at 190°, and was soluble in acetone 
and ether but insoluble in benzene, methanol, light 
petroleum and carbon tetrachloride. The solid was not 
precipitated on pouring either the acetone or the ethereal 
solution into methanol.
(iv) Action of sodium hypobromite on the copolymer.
To a 3 N. sodium hydroxide solution, (60ml), ,
bromine, (i+.lml), was added. The resulting solution was
115.
placed in a three necked flask fitted with a reflux 
condenser and a Hirschberg stirrer. The solution was heated 
on a steam hath and to it the copolymer, (l0.3g)j> was added 
in small quantities. Heating with stirring was maintained 
for three days.
' The solid remaining was filtered off and was washed 
with hot water until the washings, on boiling with 
concentrated nitric acid, no longer gave off bromine.
After drying, the residue weighed 9#8g.
The filtrate from the oxidation was boiled with 
concentrated nitric acid until all the bromine had been 
expelled. The solution was cooled and silver nitrate added. 
No precipitate formed, indicating the absence of chloride 
ions in the solution. Thus hydrolysis of chlorine atoms in 
the copolymer had not occurred,
(v) Action of chromic anhydride - glacial acetic acid
mixture on the copolymer.
A mixture of chromic anhydride, (8g), and glacial
acetic acid, (150ml), was placed in a three necked flask
fitted with a reflux condenser and a Hirschberg stirrer.
The copolymer, (8g), was added to the mixture and the whole
was heated with stirring on a steam bath for thirty six hours. 
During' the period of heating, the copolymer aggregated on
the stirrer in a lump. Periodically the lump was removed
and crushed in a mortar and the powder returned to the
116.
flask
When heating' had been completed, the lump was 
removed, crushed, washed, dried and weighed, (5g)*
The green acetic acid solution was diluted to twice 
its bulk with water and then reduced to half its volume by 
distillation at reduced pressure. To the residual solution 
ammonia was added until it was alkaline. No precipitate 
was formed. The solution was then made acid to Congo Red 
with 10 N sulphuric acid. Any chromic anhydride still 
present was reduced with sulphur dioxide. An extraction of 
the resulting solution v/as made with benzene. On removal 
of benzene from the^dried extract, a yellow solid was left 
which, when sublimed,at 85°/l3mm, yielded white needles, 
(m.p, 121-122°).
(a) Mixed melting points of the sublimate
M.p. of sublimate (A)
M.p. of benzoic acid (B)
M.p. of mandelic acid (c)
M.p. of an equal weight mixture 
of A & B 
M.p. of an equal weight mixture 
of A & C
The melting points are uncorrected.
These observations indicate the sublimate to be 
mandelic acid,
0>) Examination of the solid residue from the oxidation.
i). Weighed samples of the green residue were ashed 
in two stages. The samples were first heated in a luminous
117.
1210
123.5°
121°
89°
120*5°
flame so that partial ashing occurred.' Ashing was completed
by heating at red heat for six hours in a furnace.
2) Some of the residue* (2g), was digested with water, (150ml), 
The suspension was filtered off and the filtrate evaporated
to dryness. A green stain was obtained.
3) Ether extraction
Ether extraction in a Soxhlet extractor was carried
- out. Removal of the solvent yielded a small quantity of 
brown solid on which the following tests were carried out:-
a. M.p. 110 ~ 120°
b. Attempted sublimations at 80°, 100°, 120°,and 
1^0°, all at 5 mm, yielded no sublimate although 
each temperature was maintained for 2 days.
c. Lassaigne test for halogen was positive.
d. No carbon dioxide was produced when the solid 
was added to saturated sodium bicarbonate 
solution.
e. The solid was soluble in ether and acetone but 
could not be recrystallized from either. It 
was insoluble in methanol.'
f. Part of the solid was boiled with methanol for 
10 minutes. The yellow suspension was filtered 
off, washed and dried, (m. . 115 - 125°). To 
the filtrate Brady's reagent was added but no 
product was obtained.
(vi) Action of strong alkaline potassium permanganate on 
the copolymer.
A mixture of potassium hydroxide, (60g), copolymer,
(I0.3g)s and water, (75ml) was placed in a three necked 
flask which stood in a water-bath. To this mixture was added 
a solution of potassium permanganate, (9.7g), and potassium
Weight of residue used 
Weight of ash 
% ash
0.50lUg 
0.0025g 
0o%
0.5006g
0.0015g
o3%
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hydroxide, (30g), in water., (150ml). The mixture was heated
with stirring for 18 hours over a period of four days.
The solution and suspension was then diluted with
an equal volume of water and sulphur dioxide was then passed.
Two white solids separated; one lighter and one heavier than
the solution. On addition of 10 N sulphuric acid the heavier
solid redissolved. The solid remaining was filtered off,
washed with water, dried and weighed, (7.6g).
The filtrate was divided in three and each portion
was extracted twice with benzene, (50ml & 20ml). This
extract was dried, (i^SO^), and the solvent removed leaving
a small quantity of brown solid which did not sublime.
a) Examination of the solid recovered from the oxidation.
i. M.p. 115 - 125°
ii. Ashing by the method described in part III, (v)
b.
Weight used 0.5051g 0.5011g
Weight of ash 0.01ij.8g O.OlHj-g
% ash 2.8% 2.2%
iii. An ether extraction with a Soxhlet extractor 
was carried out. A light brown solid, which 
did not sublime, was obtained on removal of 
the solvent.
Part IV. Oxidation of;- (i) Styrene Monomer,
(ii) Polystyrene,
(iii) Styrene-Vinylidene Chloride 
Copolymer,
by the Chromic Anhydride-Glacial Acetic Acid Method.
Freshly prepared specimens of (i), (ii),and (iii) 
were used . The reagents and solvents were purified as
119.
described in Part I.
(a) Preparation of polystyrene
A mixture of styrene, (35«7g), and benzoyl peroxide, 
(0,2g), was sealed in a glass tube and placed in an oven 
at 72° for 13i hours. The glassy viscous product was dissolved 
in benzene and the solution was poured into a large volume 
of well-stirred methanol; the polymer precipitated as a 
white solid which was filtered off, washed with methanol 
" and dried. Yield 25.8g, 
o o  Preparation of styrene-vinylidene chloride copolymer. 
Methods- PartII a.
The following quantities were useds- Styrene,
(35.65g)9 vinylidene chloride, (l5,01g), and benzoyl 
peroxide, (0,19g). The mixture was kept at 75° for 3 days.
(c) Oxidation of styrene monomer.
Method as described in Part III, (v)*,
A solution of styrene, (6.55g)? in glacial acetic 
acid, (20ml), 'was added dropwise during a period of five 
minutes. The mixture was heated for three hours. From the
oxidation, some styrene, (0,5ml), was recovered. From the
/
benzene extraction a dark brown solid, (1.36g), was obtained. 
This gave white needles, (m.p.lOit- ~ 105°), on sublimation 
at 100°/5mnu /
Examination of the subii.mcUre showed,
i) It liberated .carbon dioxide on addition to saturated
120, '
sodium “bicarbonate solution*
ii) After many sublimations at 120°/l atms*, a white 
crystalline compound, (m*p* 120°), was obtained* On 
recrystallizing from hot water, this solid melted at 121°.
iii) The equivalent weight of sublimate having m*p* 118° 
was found by alkaline titration with phenolphthalein to be 
129.
iv) Mixed melting points*
For these determinations benzoic acid and mandelic
acid were recrystallized from hot water before use* The
recrystallized sublimate, (m*p* 121°), was used in these
determinations*
M*p* of benzoic acid 
M*p* of mandelic acid 
M*p* of an equal weight mixture . .
of sublimate and benzoic acid 
M*p* of an equal weight mixture of 
sublimate and mandelic acid
The sublimate is therefore benzoic acid*
2 Examination of the residue from the sublimation
It was dark brown in colour* It was soluble in
acetone* On standing, covered with a watch glass, it was
found that it had sublimed to give long needle-shaped
crystals on the lower face of the watch glass* These
crystals melted at 121°* By mixed melting point
determinations they were shown to be benzoic acid*
118°
122°
90°
(d.) Oxidation of -polystyrene
Method as described in Part III, (v).
The quantities used?- Polystyrene, (8g), chromic anhydride, 
(Sg), glacial acetic acid, (150ml)*
Heating was continued for 3 days* The unchanged 
polymer recovered weighed 6g. Prom the benzene extraction 
a residue, (0.1|.5g), was obtained, whence on sublimation at 
120°/760mm, white needles, (m.p. 121°), wore obtained*
When mixed with an equal weight of benzoic acid, the sublimate 
melted, at 122°. Thus the product of the oxidation is 
benzoic acid*
(e) Oxidation of the copolymer.
Method as before*
The quantities used*- Copolymer, (8g), chromic anhydride,
(8g), glacial acetic acid, (150ml).
Heating was continued for 3 days. Prom the/ 
benzene extraction, a small amount of solid was obtained 
which, on subliming at 120°/760mm, yielded crystals which 
melted at 122.5°• A mixture of equal weights of benzoic 
acid and the sublimate melted at 122°. The sublimate was 
benzoic acid.
PUMARYL CHLORIDE - STYRENE COPOLYMER*
EXPERIMENTAL*
1* Pumaryl chloride-styrene copolymer*
a) Purification of reagents*
Styrene was thrice washed with N* sodium hydroxide 
solution and thrice with'water before being distilled under 
nitrogen at reduced pressure, (b*p* 6I|-65°/U8mm).
Pumaryl chloride was redistilled, (b.p* 76°/36mm).
Benzene and hexane were redistilled, (b.p, 80° and €>8°) 
and kept over sodium*
Acetone was heated under reflux with potassium 
permanganate and then distilled* It was redistilled from 
potassium carbonate, (b*p* 56°)*
1 *3•dimethylbutanol was dried, (K^CO^), and distilled 
through a six inch Yigreaux column, (b*p* 6i4-°/39iam)«
b).Preparation of the copolymer*
Method of Haas and Simon, J.Polymer Sci*,1952,9>309» 
One tenth molecular weights of styrene, (10.bg)$ 
and fumaryl chloride, (ifh 3g)? were placed in a rubber- 
stoppered tube without initiator* After k days at 25°, 
a yellow block was obtained which gave a swollen gel with 
benzene* On pouring the benzene solution into hexane , only 
a slight precipitate was obtained, A red solution was 
obtained on the addition of acetone to the gel* Not all 
the gel dissolved in boiling acetone* The solution obtained
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was divided in two and both parts poured into hexane to 
precipitate the- copolymer-. One precipitate was left under 
hexane and gave off an acid gas, (possibly HCl), on standing.
The other precipitate was filtered off, washed with hexane 
and dried over paraffin wax. The dried precipitate, (3g)? 
was crushed and samples, (0,lg), were disolved in dioxan,
(10ml), To this solution water, (50ml), containing sodium 
carbonate, (0,2g), was added and the mixture boiled. After 
acidification with 3 N, nitric acid, (12ml), the chlorine ;!
content was found by Volhard's method. Found; Cl, U.6%; |!
calc, for Isl copolymer; Cl, 27.7% -
2. Preparation of 1,3 dimethyIbutyl hydrogen fumarate. /
..The carbinol^ was added to pyridine, (2,2g), |
and the mixture cooled in ice, Fumaryl chloride, (l,9g)> f
was added to the solution, A violet coloured solution was 
formed which rapidly became tarry.
3° Preparation of the acid chloride.of the monomethyl ester i
of fumaric acid. /
a) Purification of reagents ;j
Benzene and fumaryl chloride were purified as already j;
'I
described.
Methanol was first distilled, (b.p, 6i+°), and then purified 
by the method described in ,f Textbook of Practical Organic 
Chemistry1' by Vogel. Longmans, 3rd.Ed.1956. page 169 !
Magnesium turnings, (5g), and iodine, (0.5g)? were j
12U.
placed in a two litre flask fitted with a double surfaced
condenser. Down the condenser was added methanol, (75ml).
A vigorous reaction resulted which was necessary to slow
down by cooling the flask in water. When all the magnesium
had dissolved, more methanol (900ml), was added and the
mixture boiled for 30minutes. Distillation yielded pure
methanol, (b.p.64°).
b) Preparation
Method of Lutz, J.Amer.Chem.Soc.,1930,52,3423.
Methanol, (3.20g), was dissolved in benzene, (20ml),
and added dropwise to the well-stirred equimolar amount
of fumaryl chloride, (l5.29g). The mixturb was allowed to
stand over-night. After removal of the solvent, the acid
chloride was distilled at reduced pressure, (b.p,60°/6mm;
25
yield, 11.8g; 79.5%). It had n^ 1.4735.
4. Action of pyridine on the acid chloride of the mpnomethyl 
ester of fumaric acid.
When pyridine was added to this acid chloride, 
the mixture became rapidly tarry,
5. Attempted preparation of methyl 1.3.dimethylbutyl 
fumarate.
1.3,Dimethylbutanol, (l.lg), was dissolved in 
benzene, (20ml), and added dropwise to the well-stirred 
acid chloride of the monomethyl ester of fumaric acid,
(1.5g). The resulting mixture was heated on a'steam- bath
125.
for one hour and allowed to stand overnight. After removal 
of the solvent, distillation yielded a white sublimate, (m.p. 
97°)9 which collected in the condenser. A little distillate 
was collected but on standing solid settled out. The 
sublimate when mixed with an equal amount of dimethyl 
fumarate, (m.p. 101°), had m.p. 99-100°, and is thus 
dimethyl fumarate.
INDUCTION OF A STERIC REARRANGEMENT BY PROTOTROPY
IN POLYACRYLONITRILE. |
EXPERIMENTAL,
Acrylonitrile was distilled Before use and had b.p. 16 - 77° j
Preparation of the polymer.
Method,, Bacon* Trans* Faraday Soc. *19^6*U2*lUl.
A three necked 250ml pyrex flask was charged with
distilled water* (150ml), brought to 30° and stirred while j
a brisk stream of nitrogen was passed for 10 - 15 minutes
to displace air. A 2% solution of potasium persulphate*(20ml)* i
was added* and the temperature restored to 30°. The nitrogen i
* I
stream was reduced to about one bubble per second and j
stirring maintained while the flask was charged in rapid 
sucession with 1% aqueous sodium metabisulphite* (15-Unil !
1 mol per mol K2S2^8)* acrylonitrile* (l2.Ij.ml, lOg at 20°)* |
both from burettes * and water* (15ml)* to rinse the ■'!
residual reagents from the tap funnel. Stirring was continued
1
and the nitrogen was kept at one bubble per second. The j
contents of the flask were kept at 30° + 0.5°o The white 
polymer separated out* was filtered off* and washed with 
water* (2 litres)* and methanol. Yield 10g.
The preparation was repeated using double 
quantities.
Basic Treatment.
Polyacrylonitrile,(2.5g.), was sealed in a tube 
with a base, (10ml*), either pyridine or triethylamine, 
and kept at constant temperature for several days. Two 
sets of conditions were usedj either 25° for 16 days or 
80° for 3 days.
No apparent change took place with either of the 
triethylamine samples other than that they became yellow 
in colour. With pyridine the wetted sample appeared 
crystalline and became fluorescent after a short while.
The wetted solid became blue to transmitted light and
yellow to reflected light. The colour diminished over a
period of time. Examination of the polymer, with and without
pyridine, under a polarising microscope indicated no
crystallinity or any appreciable difference in either of 
the specimens.
At the end of the treatment, the various tubes were 
opened and their contents filtered and air-dried.
Specimens from both treatments, together with specimens of 
both polymer preparations were sent for X-ray 
crystallographieal analysis. However, the powder diagrams 
gave no indication of crystallinity. A single diffraction 
halo was obtained at d = 5.2A. This is typical of 
amorphous polymers. There was no appreciable difference 
in any of the specimens.
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